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PREFACE
This program wa3 conducted under NASA Contract NAS9-4759
for the Mechanical Systems Branch, Structures and Mechanics
Division, NASA Manned Spacecraft Center with Mr. John H. Kimzey
as Technical Project Monitor,
At IIT Research Institute, the program was conducted by
the Fluid Systems and Lubrication Section of the Mechanical en-
gineering Div?,sion with F. Iwatsuki as Program Manager and
Anton Hehn as Project Leader. The literature review was pre-
pared by M. Lerner, Mr. W. J. Courtney contributed valuable
consultation on the vacuum technology and adhesion force meas-
urement equipment design and operation. The x-radiation equip-
ment was designed and constructed by L. Kirchner. Mr. P. Eakins
and F. Grady were responsible for the check-out, maintenance,
and operation of the test equipment. The mechanical equipment
design was the responsibility of Messrs R. Lo Presti and
R. Pape..
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ABSTRACT
An experimental program was conducted to determine adhesive
properties of various classes of materials in contact with each
other after exposure to the lunar environment. These classes
of materials were comprised of typical materials employed in
spacecraft and spacesuit design as well as lunar soil candidate
materials. More specifically, the program purpose was to ex-
perimentally investigate, in considerable detail, the possible
formation of adhesive bonds between dissimilar materials and
methods of removing adhering lunar soil particles. The experi-
mental program entailed measurement of forces of adhesion be-
tween 602 material pairs in vacua and under ultra violet and
x-radiation. A total of 952 material combinations involving
dipping or compressing spacecraft and spacesuit specimen mater-
ials into pulverized lunar soil were used. Also, 135 tests
involving slinging of the pulverized lunar soil unto a verti-
cally mounted specimen of spacecraft or spacesuit material were
conducted.
The material classes included metals, glasses, ceramics,
polymersq and minerals. These were tested against themselves
and each other.
The results obtained from this program provide spacecraft
and spacesuit design personnel with information and techniques
wh:.ch are applicable for evaluating and combating the adhesion
problem.
The adhesion force measurement experiments are compiled
and presented in tabular form. The test data obtained from the
experiments involving pulverized lunar soil materials are also
presented in tabular form with the degree of surface area
covered by the adhering particles as a rating parameter. These
latter tables also contain information on data obtained from
various cleaning or powder removal techniques. The cleaning
experiments indicated that a brushing followed by wiping with
felt pads does remove the gross amount of adhered particles.
However, the surfaces could not be termed optically clean,
it
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I. INTRODUCTION
Manned exploration of this moon requires unprecedented re-
liability of equipment operation. The accomplishment of mis-
sion objectives and the lives of the astronaut-explorers depend
on the ability of the program planners to foresee and solve
problems involving undesirable interactions between the man,
his equipment, and the lunar environment. Although the lunar
environment has been adequately defined for engineering pur-
poses in terms of radiation, temperature variations, and atmos-
pheric pressure, the effect of these parameters on the lunar
soil and the subsequent state of the soil have not been deter-
mined. Thus, the interactions between the soil and spacesuit
as well as spacecraft materials cannot be predicted. Further-
more, during some portions of the mission an astronaut may be
required to perform repairs on the spacecraft structure which
could result in the generation of small particles. Normal
material degeneration due to wear can also result in the forma-
tion of small particles. The interaction of such particles with
the spacesuit and spacecraft materials and the possible danger
emanating from these interactions are not predictable,
It was the purpose of this program to investigate one such
interaction, the possible formation of adhesive bonds between
dissimilar materials and methods of removing adhering particles.
The program was conducted to determine adhesive properties of
various classes of materials in contact with eac,' other after
exposure to a simulated lunar environment. These classes of
materials are comprised of typical materials employed in space-
craft and spacesuit design as well as lunar soil candidates.
The experimental program entailed measurement of forces of ad-
hesion between candidate materials in vacua and under ultra
violet and x-radiation. Additional adhesion tests between soil
and powdered materials were conducted. Measurements were made
to determine the degrees of surface electrical charging due to
radiation induced surface ionization and the resulting effect
on adhesion.
The specific tasks undertaken to meet the objectives of
the program consisted of:
• A survey and review of the literature pertain-
ing to the cohesion-adhesion phenomenon. The
results of this task are presented in
Appendix D.
1
• The design and construction of test equipment
consisting of a tension-compression apparatus,
a Dipping mechanism for pressing solid speci-
mens into powders, a slinging mechanism for
tossing powder unto a vertically posi;,ioned
solid surface, and vacuum chambers with ap-
propriate feedthroughs and viewing ports,
plus an x-radiation source and an ultra
violet radiation source. Descriptions and
operating characteristics of this equipment
are presented in Section I-. of this report.
• Acquisition and preparation of specimens re-
presenting typical lunar soil, spacecraft,
and spacesluit materials.
• PerfoLmance of experiments under simulated
lunar env.ronmental conditions and monitor-
ing of tLe parameters necessary for esta-
blishing the degree of material interaction
or adhesion. The experimental results are
presented in Section III ' as well as Appendices
• The experimental data was compared to data
obtained from the literature review. These
correlations as well as observations t-hich
were made are contained in Section IV
this report.
#1
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II. EXPERIMENTAL PROGRAM
A. Environmental Equipment
In order to provide the facilities for producing simulated
lunar environmental conditions and, at the same time, provide
means of bringing the material specimens into contact with each
other, including methods of measuring the adhesive force or
viewing the amount of surface area of the solid specimens
covered by granular or powder materials, a niunber of specialized
systems were necessary. The design of these items was governed
by the test conditions which are:
• Temperature - Ranges from -270°F to +250°F with
an ambient temperature of 700t100F.
• Vacuum - Between 2 x 10-10 and 5 x 10-11 mm Hg.
• Static Electricity - To the extent the specimens
will become charged as determined by experimen-
tation or analysis of lunar conditions.
• Solar Radiation - Levels as defined in M-DE 8024008
"A Natural Environment and Physical Standards for
Project Apollo" which contains the following:
Visible and infrared energy distribution approxi-
mated by that from a 6000 K black body:
Ultraviolet and X-Radiation
Fraction of Solar Radiation:
Below 4000A° = 7/0
Below 3000A O =	 10ja
Below 2000A 0 = 0.02/0
Below 1000A ° = 10 -4/0
Principal Line Emission Fluxes:
Lyman Alpha HI (1216A°):
He II ( 304A °) :
HI (1026A°):
C III (977A°):
Si II (1817A°):
60 x 10-8
3 x 10-8
2 x 10-8
2 x 10-8
2 x 10-8
watt/cm2
watt/cm2
watt/cm2
watt/cm2
watt/cm2
3
4X-Ray Flux*:
20 - 100A O Region:
8 - 20A° Region:
2 - 8A° Region:
Solar Radiation Pressure
6 x 10-8 watt/cm2
2 x 10-10 watt/cm2
5.5 x 10-11 watt/cm2
4W
Pressure at one astronomical unit distance foi
total radiation absorption: 5 x 10- dyne/cm
Following is a descriptio°.1 as well as a detailed listing
of the operational limits of the various items of equipment de-
signed for and utilized during the performance of the
experiments.
1. Vacuum Systems
Good simulation of lunar environmental conditions requires
that contaminant specie 'be virtually eliminated. Production
of vacuum levels of 10- 10 or 10-11 mm Hg as measured with ion-
ization gauges does not ensure proper environmental test condi-
tions. However, it does ensure against surface contamination
by residual vapors to an appreciable extent during the test
period, which is the ultimate criterion of effective space
vacuum simulation for surface studies.
The vacuum equipment designed for use on this program con-
sists of stainless steel vacuum vessels with all metal seals
which can be baked to high temperatures for attainment of ultra-
high vacuum. Three (3) systems in total were required for per-
forming the experiments. Two of these systems are capable of
producing pressures between 2 x 10- 10 and 5 x 10-11 mm Hg. With
the third system, pressures below 5 x 10- 10 mm Hg are atta.n-
able. This latter system was employed for conducting miscel-
laneous investigative tests as well as preliminary investigations.
The performance requirements for these systems dicated
that the systems were to be capable of attaining vacua of less
than 5 x 10- 11 mm Hg after being vented to room air (25"C s 50%
relative humidity), mechanically rough pumped through LN2 traps
to 0.01 mm Hg, and subjected to bake outs for periods not to
exceed 24 hours. In addition, the systems were to be capable
of maintaining pressures less than 2 x 10- 10 mm Hg against dry
The solar x-ray flux is subject to wide variation in intensity,
on the order of a 10 to 100 fold increase during periods of
solar activity.
1
nitrogen leaks of 10- 7 torr liters per second for two (2) weeks
and pressures less than 5 x 10- mm Hg against leaks of 5 x 10-6
torr liters r ,er second for three (3) days.
Following is a list of equipment comprising each of the
forementioned vacuum systems.
a. System 1
1. 400 liter/second integral ion pump and,
ion pump power supply
2. 10,000 liter/second "Boosti-Vac" titanium
sublimation pump and 'Boosti-Vac" power
supply
3. 18" diameter Haas type baseplate with
ten 1-1/2" Curvac feedthrough ports
circumferentially located below the
bolt-down flange
4. Cryogenic cooling coils
5. Stainless steel bell jar, 18" diameter
by 12" high with six 1-1/2" Curvac feed-
throughs located circumferentially on
the side and seven on the bell jar top
6. Bakeout heater and shroud
This system is depicted on Figure 1; a typical pumpdown
curve is shown on Figure 2.
b. System 2
1. 200 liter/second integral ion pump and
ion pump power supply
2. 10,000 liter/second "Boosti-Vac" titanium
sublimation pump and "Boosti-Vac" power
supply
3. 12" diameter Haas type baseplate with ten
1-1/2" Curvac feedthrough ports circumfer-
entially located below the bolt-down flange
4. Cryogenic cooling coils
5. Stainless steel bell jar, 12" diameter by
3 " high with two 1-1/2" Curvac feedthroughs
located circumferentially on the side and
five on the bell jar top
6. Bakeout heater and shroud
This system is depicted cn Figure 3; a typical pumpdown
curve is shown on Figure 4.
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C. System 3
1. 140 liter/second integral ion pump and
ion pump power supply
2. Stainless steel bell jar, 12" diameter
by 12" high with six 1-1/2" and two 4"
Curvac feedthroughs located circumfer-
entially on the side and one 1-1/2"
located on the top
3. Bakeout heaters
4. Centrifugal blower for cooling
5. 10,000 liter/second "Boosti-Vac" titanium
sublimation pump and pump power supply
This system is shown on Figure 5.
To eliminate the possibility of specimen contamination
from backstreaming oil emanating from the mechanical forepump,
a sorption type roughing system was designed and constructer?.
This system consists of an oilless mechanical pump (positive
displacement, piston type) and two zealite molecular sieve
material sorption pumps with bakeout units and liquid nitrogen
dewar flasks. The sequence k,-)f operation for sorption pump con-
ditioning and rough pumping of the vacu_unt system ini^olved a
bakeout, evacuation, and chilling procedure for conditioning.
One sorption pump was used until a system pressure of 100 microns
was reached, and the second to a system pressure level of 5
microns. The isolation of the pumps was achieved with ball
valves. This foreplimping system is depicted on Figure 6.
Mass Spectrometer traces were obtained on System Nos. 1 and
2 to determine the background in the system following evacua-
tion. The results are presented in Table 1.
2. Radiation Sources
S, X-Radiation Source
An investigation of the x-ray sources available at
IIT Research Institute and those commercially available showed
a major deviation from the solar x-ray spectrum described pre-
viously, both in energy and intensity. Operation of these
sources outside the vacuum chamber and beaming the x-rays
through a window would result in the absorption of the desired
low energy x-rays and transmission of the undesired high energy
x-rays. In addition, utilization of these sources would require
inordinate shielding to assure operator safety.
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TABLE - 1
BACKGROUND - E'er 5'° E S #1 ALM #2
pz = 3 x 10-11 torr (GE Trigger Gauge)
P
Torr (N 2
 Equivalent)
1.9 x 10-11
8 x 10-13
1 x 10-13
6 x 10-13
7 x 10-13
1 x
7 x 10-13
I I: Ic-1.
2 x 10-12
1 x 10-13
1 x 10-13
5 x 10-14
5 x 10-14
3 x 10-13
2 x 10-12
1 x 10-13
3 x 10-13
Mass No.We
2
12
13
14
15
16
16.5
17
18
1S
19.3
21
25.5
27
28
29
44
13
Tantalum
Target
Veeco Type
RG-758 Tube
HV
Power
+ 11 Supply --
It was determined, however, that the desired x-ray
spectrum could be conveniently produced within the test cham-
bers with ordinary laboratory equipment,
The x-radiation source consisting of laboratory equip-
ment was made by replacing the grid of a Veec:o type RG-758 for.
gauge with a tantalum target (atomic number 73). The filament
was made of tungsten wire. The tube structure and experimental
set-up are shown schematically on Figure 7; Figure 8 is a
photograph of the x-ray source.
Wire Screen
Aluminum Window
Vacuum
Ll i1 Film
Variac
115
60
Figure 7 - X-Radiation Source Calibration Set-Up
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IFigure 8 X-Radiation Source
Initial tests conducted with this source with a target
current of 0.6 milliamperes, target voltage of 4KV, and a
vacuum system pressure of 4 x 10- 4 mm Hg using x-radiation sen-
sitive film placed behind a window indicated successful genera-
tio:. of x-rays. Thus, the source was found acceptable and was
calibrated. The calibration process employed was indirect in
that x-radiation sensitive film was used and the relative film
density following exposure was the criterion employed for de-
termining x-ray flux intensity. The particular film used was
Kodak "no-screen" whose response to x-ray exposure is shown on
Figure 9.
The response of the film to x-radiation and the char-
acteristics of the window through which x-ray transmission
occurred in order for it to impinge on the film permitted cali-
bration of the x-radiation intensity. Th A window employed was
an aluminum foil, 10 microns thick. O The predominant wavelength,
A, of x-rays transmitted was thus 9A(9 x 10- 8 cm). The effi-
ciency of such a window is 40%. With the target current, I,
known as well as the relative film density, D eXpl the x-ray
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flux intensity was calculated. A sample calculation for one
point on the graph relating x-ray flux intensity and beam cur-
rent shown on Figure 10 follows. Figure 11 (Ref. 9) relates
relative film density to exposure (photons/cm 2 ) and is used to
obtain meaningful, dimensional values from the non-dimensional
density number obtained with a densitometer from the developed
film negative. The appearance of the film at two separate ex-
posure levels is shown on Figure 12,
1 2 3	 4 5	 6 7	 6 9
Ens;,)osure (107 Photons/cm2 )
0
Figure 11 - Response of Kodak "No Screen" . Film to 9A 'Wavelength
X-Rays
Sample Calculation:
where
Y
SL
A
E
E
h =
by
energy, ergs
Planck's constant, 6.625 x 10-27 ergs/sec
SL/h , frequency ^ sec-1
speed of light, 3 x 10
0
= wavelength of x-rays; in this case 9A
or 9x 10-8 cm
Il
18
1	 __	 0
a) 100 µ amp Filament Current
b) 10 µ amp Filament Current
Figure 12 - Appearance of X-Ray Source Film Used for Calibration
Purposes
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'Vhu s ,
3 x 1010cm/sec 
_ X 33 x 1018 cycles/second
9 x 10-8 cm
E = 6.625 x 10-27 ergs/sec x .33 x 10 18 sec-1
2.2 x 10-9 ergs
With a relat^ve film density of 0.12, the exposure of
0.75 x 10 7 photons/cm can be obtained from Figure 11. This
exposure must be corrected for the window efficiency which is
40%. Thus,
1
Exposure = 0:75 x 10 photons/cm x 2.5
= 1.875 x 107 photons/cm2
Intei:sity = 1.875 x 10 7 photons/cm2 x 2.2 x 10-9
ergs/photon
= 4.12 x 10-2 ergs/cm, 2
or 6.87 x 10 -11 watts/cm2
b. Ultraviolet Radiation Source
In view of the experience gained on previous experi-
mental work conducted at IIT Research Instit qte^ the ultra-
violet source selected was a water cooled, high pressure, quartz
jacketed mercury arc lamp manufactured by the General Electric
Company and designated type AH-6. Figure 13 depicts the energy
spectrum of this lamp compared with the solar spectrum. The
wavelengths below 2000 A contribute less than 0.1/ of the total
energy and so can be disregarded without incurring any signifi-
cant error. The wavelengths above 4000 .9 are not sufficiently
energetic to cause bond breakage. Thus, the solar spectrum in
the waveband of interest was effectively simulated.
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Figure 13 - Comparison of the Solar Spectrum with the Spectrum
of an AH-6 Lamp
The ultraviolet radiation source was mounted externally
to the vacuum vessel and the radiation transmitted through
quartz windows with good transmission characteristics at wave-
lengths above 2000A. The intensity of radiation was found to
be approximately inversely proportional to the square of the
distance from the source. Thus, when an area of a sample was
subjected to radiant energy from an ultraviolet radiation source
which was not in the form of a collimated beam, various parts
of this area experienced differing values of radiant flux. For
a 1-inch square sample placed 10 cm from the AH-6 (high pres-
sure mercury arc) W lamp, the radiant flux density varied
less than 2%. However, when the sample was placed closer to
the lamp, the irradiance varied markedly. Figure 14 shows the
effect on a 1-inch square sample located at distances of 3 and
5 cm from the AH-6 lamp.
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The irradiance is shown in arbitrary unitiess dimen-
sions in order to emphasi -e the effect of distance from the
lamp. With the sample located 5 cm from the lamp, unity is
approximately equivalent to 50 suns. When the sample is located
3 cm from the lamp, unity is equivalent to 150 suns. The value
of one sun is 12.8 mw/cm of ultraviolet irradiance from the
lamp. The W source was located 5 cm from the sample surface
during the adhesion tests. Therefore, the energy loss was
50 times the intensity required. The time of exposure was
thirty minutes. Consequently, the effective exposure amounted
to 25 hours.
B. Test Apparatus
1. C.'mpressiun-Tension Adhesive Force Measurement System
In order to be able to measure the force of adhesion be-
tween the solid specimens following compression, a system
capable of withstanding the compressive load with minimal de-
flection, yet extremely sensitive and virtually frictionless
because of the small tensile or adhesive force was necessary.
Preliminary tests were conducted to establish the sensitivities
and range of the transducers required to obtain the desired
measurements as well as an optimum arrangement of components
comprising the adhesive force measurement system. The initial
system set up consisted of two (2) transducers; one was neces-
sary for measuring the compressive load and the second for
sensing the minute tensile adhesive force.
One sample holder was suspended from a thin wire to
minimize frictional effects. The calibration of the tensile
load, transducer with the assembled system indicated that the
minimum repeatably measurable adhesive load was 0.5 grams.
Discussions with other investigators conducting similar
research programs pertaining to the maximum sensitivity and
resolution of force measurement instrumentation indicated that
microgram resolution with a range of 5 µ grams to 2000 µ grams
was desirable. Thus, a second force sensing system was investi-
gated because of its apparent sensitivity and infinite resolu-
tion. This arrangement is shown on Figure 15.
This scheme employed a linear variable differential trans-
former as a displacement sensor with a spring. By obtaining
a force-displacement curve for the system with dead weight
calibration, a force transducer is effected. The system was
assembled and calibrated to a sensitivity of 20 µ grams.
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Figure 15 - Adhesion Force Transducer Arrangement
Preliminary tests conducted with this scheme installed in
a vacuum system proved it to be quite sensitive. Thus, the
sensing system was adopted for incorporation in the measurement
apparatus. The compressive load sensor used was a piezoelectric
crystal type load washer. Figure 16 is a photograph of the ad-
hesive force measurement transducer-specimen holder assembly
used during the experimental effort.
To provide for the transmission of motion through the
vacuum vess_-1 walls, rotary and linear motion transmitting
feedthroughs capable of withstanding high torque loads were
required. Since commercially available units did not meet the
necessary requirements, a series of feedthroughs were designed
and subsequently constructed for use on this program. Figure
17 is a photograph of a rotary feedthrough employed during
the program.
1
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Figure 16 - Adhesive Force Sensor Spe^imen Holder Assembly
Arrangement
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Figure 17 - :igh Torque Rotary Type Feedthrough
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The previously described adhesive force measurement sys-
tem and the rotary feedthroughs were employed in the design of
the compression-tension test apparatus. This system is de-
picted in Figure 18 and consists of:
• Eight separate adhesive force sensors and
sample holders mounted on a spider rotated
with a rotary motion feedthrough
• One compressive load sensor mounted on a
rod attached to a linear motion transmitting
feedthrough
• A segment of a disc containing ten specimen
holders spring loaded against it to provide
for a better case of heat transfer supported
from a second rotary f e-adthrough. The disc
is hollow so that liquid nitrogen can be
circulated through it to provide the speci-
men cooling means
The entire system was designed to be placed into ultra
high vacuum system No. 1. The orientation of the vacuum vessel
penetrations were such that viewing ports directly above the
contacting samples and quartz win6ows for ultraviolet radiation
transmission approximately 5 cm from the specimen could be
installed. The x-radiation source was placed inside the vac1,*',S;":
chamber. located so that adequate specimen coverage was
attainable.
2. Dipping Mechanism
."rLn order to determine the amount of adhesion between
pulverized lunar soil materials and solid specimens, comprised
of typical spacesuit and spacecraft materials, as a function of
compressive load, a mechanism providing for the compression or
dipping of such specimens into powder was necessary. The
mechanism depicted on Figure 19 was designed and constructed
to perform this task.
In this mechanism; a dish containing the pulverized soil
material was supported from a rotary feedthrough which permitted
the movement of the powder from beneath the solid specimens to
a radiation transmitting window. Thus, ultraviolet radiation
exposure was effected. The x-radiation exposure was obtained
from the source located within the vacuum system. The solid
specimen holders were spring loaded against a bracket in a
manner which permitted linear motion of the hold:r in the direc-
tion opposing the compressive force. The bracket, in turn, was
mounted on a rotary feedthrough. Thus, the solid specimens
could be rotated or dipped (compressed) nto the pulverized
material. Also, the solid specimen could be rotated beneath
27
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a viewing port for visual inspection of the surface area
coverage due to adhesion of the powder and unto a displacement
transducer, calibrated to act as a scale, for measurement of
the change in sample weight.
A third rotary feedthrough supported a disc on which a
series of felt pads and brushes were mounted. These, when
brought into contact with the solid specimen surfaces, acted
as cleaning devices when turned. Their effectiveness was moni-
tored by either measuring the change in sample and holder
weight or by visually inspecting the surface following the
cleaning operation.
With the tests conducted using the foregoing apparatus,
the case of bulk soil adhesion to boots, gloves, and other suit
as well as spacecraft parts in direct loaded contact with the
lunar surface was typified.
3.	 Slinginq'Mechanism
Tests involving slinging or tossing of silts and sands of
selected lunar soil materials to simulate the conditions of
impact of such materials against spacesuit and spacecraft
materials as might'occur from disturbance by the rocket exhaust
were conducted. To provide the means for conducting these
tests, the mechanism shown on Figure 20 was designed and con-
structed. This mechanism consists of a paddle wheel type rotary
slinging device operated with a rotary feedthrough through a
4:1 ratio gear set. Thus, relatively slow rotation of the
feedthrough results in quite'rapid motion of the paddle wheel.
A photograph of the paddle wheel assembly is shown on Figure 21.
The solid specimens were mounted on a plate with clamps. The
plate was affixed to a hollow vessel through which liquid nitro-
gen could be circulated. The plate also could be rotated with
a wire and pulley system operated from a se,.ond rotary feed-
through. To ensure good contact between the LN2 vessel and the
plate as well as provide a motivating force, a spring was
attached between the two parts.
The movement of the sampl( plate brought the specimen
beneath a window through which visual observations were made
and radiation transmitted. The x-ray source was located in
the vacuum chamber approximately 4-inches from the solid
specimens.
30
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III. EXPERIMENTAL RESULTS
The experimental results obtained consist of adhesion
force measurements following application of a compressive load
between two (2) solid specimens, observations of the degree of
coverage on solid specimen surfaces following compression
(dipping) of the specimens into pulverized material, and obser-
vations of the surface appearance of vertically mounted solid
specimens following slinging of pulverized material against
them. The tests were ;;ondu^_ted with specially designed and
constructed experimental equipment which is described in detail
in Section II of this report. This equipment provided for en-
vironmental conditions simulating those of the lunar atmosphere
in terms of pressures temperature, and radiation. In all tests,
except the preliminary nvestigatory type, the vacuum level
was better than 9 x 10- }0 mm Hg attained with a completely
oilless pumping system (ion and sorption pumps). The specimens
were exposed to ultraviolet and x-radiation for a period of
time commensurate with the specimen surface absorbtivity, bulk
temperature, and electrostatic charge build-up; the exposure
time was at least fifteen minutes for all experiments and never
exceeded thirty minutes.
A total of 1689 tests were performed of which 602 involved
adhesion measurements, 952 dipping, and 135 slinging. These
tests were conducted with specimens representative of typical
spacecraft materials, spacesuit materials, and lunar candidate
minerals. These materials were individually tested in contact
with each other after exposure to the environmental conditions
noted previously. The contacting loads were applied until a
measureable adhesive force was observed, provided tae loaf did
not'exceed ten percent of the permissible compressive load of
the materials tested. In the dipping and slinging experiments,
one of the materials was in a pulverized condition. Thus, the
amount of surface coverage was used as the criteria for esta-
blishing the degree of adhesion. Methods of removing such
pulverized material included wiping, brushing, and brushing
followed by wiping. Each of these removal methods was tried
during 'the tests and their effectiveness is reported in the
specific test results. However, it can be stated that brushing
followed by wiping was the most effective removal technique as
may be expected. The optical properties of the surfaces could
in no case be restored. That is, all powder simply could not
be removed without substantial optical surface damage.
The data obtained from the experiments conducted is pre-
sented in tabular form in the following , paragraphs. Descriptions
of the test methods along with some relevant observations and
explanations of the results are also presented.
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A. Description of Specimens
The specimen ma*-Brials used during the conduct of the ex-
periments consisted of metals, glasses, ceramics, polymers,
minerals, and fibrous materials. These materials exemplify
typical ,spacecraft and spacesuit materials as well as candi-
date lunar soil materials. The specific specimen materials
used are listed on Table 2 along with their physical properties,
composition, origin, and color. Figures 22 to 31 present sur-
face finish traces obtained from prepared samples of these
materials.
B. Specimen Preparation
11	 Solid Specimens
The metallic specimens were machined from rolled plates
or rectangular bars with the test surface parallel to the face
of the plate or bar. The glass and ceramic specimens wera
purchased to size. The ceramic samples had "as fired edges"
and a lap and polish (18 rms max.) finish on the test surface.
The mineral ycimens were purchased as rocks wits, an average
size of 1-in. by 2-in. These rocks were cut into 1/8-in.
thick, by 3/4-in. squares, lapped and polished, and cleaned.
Following the machining phase of the preparation procedure,
the specimens were cleaned and stored in a contaminant and
moisture free container until ready for installation in the
vacuum system. The cleaning procedures for the many material
types varied from a simple alcohol, acetone, or gasoline wipe
to a more elaborate dipping and rinsing procedure. Following
'is a listing of the cleaning procedures employed for the various
materials.
a. Metals
1) General
• Wash thoroughly with Alconox, scrub with
steel wool (preferably stainless steel)
• Rinse in flowing hot water
• Soak in acetone and rub with cleaners
• Rinse with clean acetone
• Wiper test for stain and repeat above
steps
34
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Figure 22 - Typical Surface Roughness Traces for Solid Specimens
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Figure 24 - Typical Surface Rotighness Traces for Solid Specimens
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Figure 25 - Typical Surface Roughness Traces for Solid Specimens
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Figure 26 - Typical Surface Roughness Traces for Solid Specimens
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Figure 27 - Typical Surface Roughness Traces for Solid Specimens
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Figure 28 - Typical Surface Roughness Traces for Solid Specimens
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2 ) Cooper (All Handl inq, w^i t_h Tweezers
• Dip in concentrated sulfuric acid until
bright
• Rinse with cola water
• Dip in 25% sodium hydroxide solution (to
get rid of acid)
• Rinse with cold water
• Immerse in acetone
• Rinse with acetone
• Tmmerse in ethyl alcohol
• Rinse with ethyl alcohol
• Install in holder (or store in dessicator)
3) Aluminum (All Handling with Tweezers)
• Dip in hot 25% nitric acid for one
minute
• Rinse with cold water
• Rinse with hot water
• Rinse with cold water
Immerse in acetone
• Rinse with acetone
Immerse in ethyl alcohol
• Rinse with ethyl alcohol
• Install in holder (or store in dessicator)
4) Titanium (All Handling wit?-. Tweezers)
• Immerse in 20% HNO3 - 3/o HF at 120 °F
• Rinse with cold water
• Rinse with hot water	 ~
• Rinse with cold water
• Immerse in acetone	 µ
• Rinse with acetone
• Immerse in ethyl alcohol
• Rinse with ethyl alcohol
• Install in holder (or store in dessicator)
5) Stainless Steel; T321 (All Handling with Tweezers)
• Immerse in 51^c sulfuric acid for , five
minutes
• Rinse with cold water
• Immerse in 200ia solution of sodium
hydroxide
• Rinse with cold water
e Immerse in acetone
• Rinse with acetone
• I-wnerse in ethyl alcohol
• Rinse with ethyl alcohol
• Place in Molder (or store in dessicator)
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6) Steel E52100 ;,All Handling with Tweezers)
• Immerse in 10% sulfuric or 10% nitric
for one minute
• Rinse with cold water
• Immerse in 10% sodium hydroxide
• Rinse with cold water
• Immerse in acetone
• Rinse with acetone
• Immerse in ethyl alcohol
• Rinse with ethyl alcohol
• Place in holder (or store in dessicator)
7) Rene 41 (All Handling with Tweezers)
• Immerse in 10% nitric acid solution
• Rinse with cold water, tumble
• Rinse with hot water, tumble
Rinse with cold water, tumble
• Immerse in acetone, tumble
• Rinse with acetone
• Immerse in ethyl alcohol
• Rinse with ethyl. alcohol
• Place in holder (or store in dessicator)
b. Polymeric
1) Acrylic (Plexiglass) - 50% ethyl alcohol wipe
2) Alkyd - alcohol and acetone wipe
3) Butadiene, Styrene Copolymer - alcohol wipe
4) Cellulose Acetate Butyrate - gasoline wipe
5) Chwrosul .zonate Polyethylene - acetone and
alcohol wipe
6) Epoxy - acetone and alcohol wipe
7) Ethylene Terephthalate (Mylar) - alcohol
and acetone wipe
8) Fluorosilicone - 50% alcohol wipe
9) Perfluoropropylene (Viton - alcohol wipe
10) Phenolic - acetone and alcohol wipe
11) Polyamide (Nylon) - alcohol and acetone wipe
12) Polyamide (Nomex) - alcohol wipe
13). Polychlorotrifluoroethylene (K:el-F) -acetone
and alcohol wipe
14) Polyethylene - alcohol wipe
15) Polypropylene, Aluminized - acetone and alcohol
wipe
16) Polystyrene, Crosslinked - alcohol wipe
17) Polytetrafluo::.oethylene (Teflon) - acetone
and alcohol wipe
18) Poly-urethane - 50% ethyl alcohol wipe
19) Vin yl_acetate - 50% alcohol wipe
51
20) Vinylidene Fluoride (Kynar) - ac 't^ ton.e and
alcohol wipe
21) Spacesuit. wuven Material - 50% alcohol wipe
c. Ceramics and Glass
• Rinse with clean acetone
• Rinse with alcohol
• Wipe with acetone
• Wipe with alcohol
• Wiper test for stain and repeat above
steps as necessary
The foregoing procedure was used for all
ceramic and glass materials.
d. Minerals (Lunar Soil Candidates)
All tho solid mineral specimens employed were
cleaned with an alcohol and acetone wipe.
The specimen holders as well as all other mechanical com-
ponents installed in the vacuum system were cleaned in acetone
with an ultrasonic cleaner. Photomicrographs of the specimens
were made after cleaning and just before installation in the
vacuum chamber; the chamber was then sealed and ready for
evacuation.
2.	 pulverized Materials
The solid materials which were pulverized usually con-
sisted of small fragments, approximately femur cubic centimeters
in volume. These fragments were remnants from the operations
used for making the machined solid specimens, although in some
cases the machined samples had to be used because of lack of
material. These fragments were first pulverized in a lead
mortar with a steel pestle into pieces approximately 1/8-in.
by 3/16-in. by pounding with the small end of the pestle. Some
fine powder resulted from this process. Thus, a 60 mesh (250
micron opening) screen was used for sieving the material.
The remaining fragments were placed in a 3-in. ball mill
with fourty steel balls, varying from 3/8-in. to 3/4-in. dia-
meter and milled for a period of approximately one (1) hour.
The powder was then removed from the mill and shaken through
the 60 mesh screen into a clean paper lined receptacle from
which it was subsequently poured into clean four ounce glass
jars. Typical particle size distribution obtained with this
process is shown on Figure 32 along with aluminum powder
urchase .'
52
♦t^, .„ 1	 •,•1+, ^ •	
•,^ fir•.•
 I ^	
. i ^• • ^ °• •^
•
..#,	 ^	 •^•^f	 ^^^• ^, • fit. ^• •1	 •
to
ir
Sit
• 4	 •
a) Aluminum Powder As Purchased
Ir
*	 ' •'	 •^	
. j, r r ,	 ..	4• ..
.01 mm/div.
iot
.•• 	 ^^ '^ '^'	 • ,•	 •• X1.4.'	 r/ •	 .•
•	 'ape	 'i' I r'	•'1 •'"	 •'	 ^'	 `+	 •
t
b) Basalt Powder After Ball Milling
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'rhe vessels and tools used were cleaned with water spray,
solvent washes, and rinses such as acetone and alcohol and
filtered air jet sprays every time they were used. Expendable
materials such as the paper were replaced each time.
To avoid any possibility of mixing, only one material was
processed at a time, anr: the powder was stared in the labeled
jars. The work was performed in an isolated area and strenuous
efforts were made to prevent contamination from foreign
material.
In order to expedite the pumpdown cycle during testing,
the powders were pre-conditioned by baking in an oven at 400°F
for a minimum period of twenty (20) hours. Comparative data
between preliminary test pumpdown times and the final test
pumping times clearly showed this operation to be very worth-
while. A typical time saving from initiation of pumping up to
the time of test was twelve (12) Yours.
C. Adhesion Force - Compression Load Measurements
The spacecraft, spacesuit and lunar soil candidate
material specimens described were individually tested in con-
tact with each other after exposure to the simulated lunar en-
vironment. The test parameters which were monitored were
vacuum chamber pressure and temperature, compressive load, ten-
sile load (force of adhesion), irradiation time, and electrical
surface charge build-up on the specimen surface exposed to the
radiation sources. The results obtained from the experiments
conducted are presented in Appendix A.
Calibration of the transducer system consisting of both
the compression and tension sensors was performed with a dead
weight system. The sensors were found to be linear over the
range of interest; the calibration curves are shown on
Figure 33.
The test procedure followed was the following,:
1. Cleaned specimens were installed in the hold-
ing fixtures and subsequently into the test
apparatus.
2. Test apparatus was placed into the vacuum
chamber, which was then sealed, and evacuated.
3. Upon reaching the desired vacuum level, ad-
hesion testing was started. The procedure
during this step was to:
a) Irradiate samples
b) Apply compressive load of 50-lbs.
Y
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c) Remove compressive load and measure ad-
hesive force. If no adhesion was de-
tected, the compressive load was re-
applied and increased in 25-lo increments
until adhesion was measured. rhe maximum
applied load, however, was limited to
200-lbs * because of deflection in the
apparatus.
d) After ohtaining an adhesion force measure-
ment, rotate the sample hold ter. to brl'.ng
a new sample pair into the test position..
e) Repeat steps ( a ) to ( d) .
'rhe experiments involving elevated and cryogenic tempera-
ture testing were conducted In the same manner described above.
'the elevates: temperatures were obtained by Yieating the bell 	 -
jar assembly with band type heaters; the cryogenic temperatures
were reached by circulating liquid nitrogen through the speci-
men holder assembly. For both cases. the temperature of the
specimen holder was measured to obtain the approximate sample
surface temperature.
'rhe procedure described above yielded single test points
in many cases for the value of adhesion force Letween the
mating sample pair. However, comparison of these test points
with data obtained by other investigators was possible. 'rhe
correlation of data, described in Section IV, indicated that
the results obtained were comparable.
From the test results it can be noted that in all experi-
ments involving polymeric materials, the adhesion force was
affected by temperature. With the metals, ceramics, and glass
materials the temperatur: :affect was not detectable. The
physical characteristics of the materials such as hardness and
yield strength also were factors in governing the degree of
measured adhesion.
The appearance of some typical mating spec'.men surfaces 	 -
prior to and following testing is shown on Figures 34 through
38. Detailed descriptions of the apparatus employed are pre-
sented in Section II-A.
D.	 Dipping Experiments
In order to determine the susceptibility of spacecraft
and spacesuit materials to adhesion between them and lunar soil
candidates, a series of tests were conducted in which such
materials were brought into contact under simulated lunar en-
vircnmental conditions. In this specific series of tests the
lunar soil material was pulverized and the spacecraft and
spacesuit materials were solid specimens mounted on a rotating
table. The solid specimens, thus, were dipped or compressed
56	
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Figure 34 - Appearance of Basalt Surface Prior to and Following
Adhesion Testing
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Figure 3., - Appearance of Polymer Surfaces Following Adhesion
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Figure 37 - Appearance of Surfaces Following Adhesion Testing
(magnification: 100X)
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 Ee 38 - Appearance of Surfaces Following Adhesion
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into the powder material. A wheel, also turnable 1 on which a
series of brush and cleaning pad (wiping) materials were
mounted, was placed near the solid specimens so that attempts
could be made to remove the adhering lunar soil material.
The degree of adhesion was determined visually by observing
the amount of solid specimen surface area coverage. Microscopi-
cally enlarged photographs of the surfaces following dipping,
but prior to cleaning were made for the majority of tests con-
?ucted. Some of these photographs typifying the different de-
;rees of surface coverage noted are present-A on Figures 39 to
61. The results of the experiments are presented in tabular
form in Appendix B. The results contained in these figures
along with some notable observations made during the conduct of
the tests are discussed in detail in Section IV.
One modification incorporated into the basic experimental
equipment described in Section II-A-4 was a compression force
measurement transducer. This was done because of the crusting
or cohesion of the powder particles on the surface which was
noted repeatedly. With this modification, a penetrometer was
effected capable )f measuring the static load bearing capacity
cf the powder surface. Also, additional viewing ports were
in::talled on the vacuum pressure vessel so that the powder as
well as solid specimen surface could be seen when close to
being in contact. This change was made because migration of
powder particles from the container to the solid specimens was
observed during the testing. This migration occurred immediately
following electron bombardmer t of thr, powder surface emanating
from the glow discharge phase of the ion pump operation and
irradiation with the ultraviolet and x-ray sources. The dis-
tance between the powder surface and the specimen holder was
approxim?tely 0.75-in. when this migration occuired. As noted
previously, detailed discussions of these observations are
presented in Section IV. However, it may be pertinent to note
here that this migration caused surface changes such as dis-
coloration. Since the constituents of the powders are nct of
the same type or coloring, some of the particles of one type or
color accepted a higher electron charge and thereby a higher
potential between them and the specimen holder. Thus, the loss
of one type or color particle altered the surface coloration
and appearance. 16 mm Kodacolor movies were made during one
test depicting the particle migration.
E.	 Slinging Experimen ts
In an effort to simulate the conditions of iinpact of lunar
soil candidate materials against spacesuit and spacecraft
materials, a series of tests were conducted in which pulverized
materials were hurled against a vertically mounted solid speci-
men. The tests were conducted in a simulated lunar environment
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a) Before Dipping (50X)
b) After Dipping (100X )
Figure 39 - Appearance of Copper Surface Prior to and Following
Dipping in Basalt Powder
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a) Before Dipping
A
b) Following Dipping
Figure 40 - Appearance of Silver Surface Prior to and Following
Dipping into Chondrite Powder
(magnification: 100X)
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Figure 41 - Appearance of Solid Specimen Surfaces Following
Dipping into Basalt Powder
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a) Aluminum
b) Titanium
Figure 42 - Appearance of Solid Specimen Surfaces Following
Dipping in Shondrite Powder
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b) Vinylidene Fluoride (Kynar)a) Fluorosilicone
c) Polystyrene, Crosslinked d) Polypropylene, Aluminized
e) Poly-urethane	 f) Cellulose Acetate
Butyrate
Figure 43 - Appearance of Solid Specimen Surfaces Following
Dipping in Basalt Powder
(magnification: 35X)
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c) Polyamide (Nomex) 	 d) Epoxy
e) Polytetra•fluoroethylene 	 f) Acrylic (Plexiglass)(Teflon)
Figure 44 - Appearance of Solid Specimen Surfaces Followingg	 PP	 P	 9
Dipping in Basalt Powder(Magnification: 35X)
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Figure 45 -Appearance of Solid Specimen Surfaces Following9	 PP	 P	 9
Dipping in Basalt Powder
(magnification: 35X)
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a) Chlorosulfonate Polyethylene 	 b) Vinylidene Fluoride (kynar)
C) Epoxy	 d) Fluorosil icone
i
e) Impression of Chlorosulfonate Polyethylene
Sample in Chondrite Powder Surface	
i
Figure 46 - Appearance of Powder Surface and Solid Specimens
Following Dipping in Chondrite Powder
(magnification: 35X)
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a) Perfluoropropylene (Viton) 	 b) Pbt:nol is
(Bakelite)
c) Polyamide (Nylon)	 d) Polyami.de (Nomex)
c) Poly-Urethane	 d) Poiytetrafluorcethylene (Teflon)
Figure 47 - Appearance of Solid Specimen Surfaces Following
Dipping in Chondrite Powder
(magnification: 35X)
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a) Polystyrene, Crosslinked	 b) Polypropylene, Aluminized
c) Polychlorotrifluoroe*hylene	 d) Polyethylene
(Kel-F)
Figii 48 - Appearance of Solid Specimen Surfdces Following
Dipping iii Chondrite Powder
(magnification: 35X)
e
72
i1
a) Silver	 b) Rene 41
c) Titanium	 d) Copper
P) stainless steel,
Figure 45 - Appearance of Solid Specimen Surfaces Following
Dipping in Obsidian Powder
(magnification: 35X)
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c) Poly-Urethane d) Ceilulose Acetate Butyrate
a) Polytetrafluoroethylene (Teflon)	 b) Acrylic (Plexiglass)
e) Vlnylidene Fluoride	 f) Chlorosulfonate Polyethylene
Figure 50 - Appearance of Solid Specimen Surfaces Following
Dipping in Obsidian Powder
(magnif ication: 35X)
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Figure 51 - mppearance of Solid Specimen Surfaces Following
Dipping j.n Obsidian Powder
(magni ication: 35X)
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a) Polypropylene, Aluminized	 b) Polystyrene, Crosslinked
c) Polyethylene	 d) Polychlorotrifluoroethylene
(Kel-F)
Figure 52 - Appearance of Solid Specimen Surfaces Following
Dipping in Obsidian Powder
(magnification: 35X)
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a) Chlorosulfonate Pulyethylene	 b) Vinylidene Fluoride (Kynar)
C) Epoxy	 d) Fluorosilicone
e) Polyethylene	 f) Polypropylene, Aluminized
Figure 53 - Appearance of Solid Specimen Surfaces Following
Lipping in Calcium Carbide Powder
(magnification: 35X)
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a) Phenolic
(Bakelite)
b) Polyamide (Nylon)
s
c) Polyamide (Nomex)	 d) Perfluoropropylene (Viton)
Figure 54 - Appearance of Solid Specimen Surfaces Following
Dipping in Calcium Carbide Powder
(magnification: 35X)
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a) Fluorosilicone	 b) Chlorosulfonar_e
c) Vinylidene Fluoride (Kynar)
	 d) Epoxy
e) Polyamide (Nylon)
	 f) Polyamide (Nomex)
Figure 55 - Appearance of Solid Specimen Surfaces Following
Dipping in Granite Powder
(magnif icat on: 35X)
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a) Poly-Urethane	 b) Polytetrafluoroethylene
	 ^+(Teflon)
c) Acrylic (Plexiglass) 	 d) Cellulose Acetate Butyrate
Figure 56 - Appearance of Solid Specimen Surfaces Following
Dipping in Granite Powder
(magnification: 35X)
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a) Polypropylene, Aluminized
	 b) Polystyrene, Crosslinked
c) Polyethylene	 d) Polychlorotrifluoroethylene
(Kel-F)
Figure 57 - Appearance of Solid Specimen Surfaces Following
Dipping in Granite Powder
(magnification: 35X)
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a) Sulfur Powder Surface b) Appearance of Copper Sulfate
Particles Formed During
Testing
c) Phenolic
(Bakelite)
d) Perfluoropropylene (Viton)
a) Chlorosulfonate Polyethylene	 b) F.po:•v
e) Fluorosilicone	 f) Vinylidene Fluoride (Kynar)
Figure 59 - Appearance of Soiid Specimen Surfaces Following
Lipping TesL in Sulfur Powder
(magnification: 35X)
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f) Polystyrene, Crosslinkede) Polypropylene, Aluminized
a) Polyamide (Nylon)	 b) Polyamide ;:Iomex)
c) Polychlorotrifluoroethylene
	 d) Polyethylene
(Kel-F)
Figure 60 - Appearance of Solid Specimen Surfaces Following
Dipping Test in Sulfur Powder
(magnification: 35X)
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NOTE: This spacesuit woven material (Nomex strands) was not
included as one of the test materials. Preliminary tests
were conducted frcm which these photographs were taken.
Figure 61 - Woven Spacesuit Material After Dipping in Silica
1	 Powder.
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with the solid and powd :r specime, • s being exposed to radio tion.
The powders were hurled at the solid sample with a paddle wheel
type, high speed, rotating mecanism described in Section II.
The degree of adhesion was visuall y observed and measured by
the amount of solid specimen surface area covered. No powder
removal techniques other than removal of ele:trostatic charge
from the solid sample was employed except for a few attempts
to clean the spacesuit material by brushing or wiping. The
fabric could not be completely cleaned with this means, how-
ever. In fact, the brushing was inadequate even though wear of
the fabric was noted. The results obtained from these tests
are presented in Appendix C. Detailed discussions of these
results are presented in Section IV of this report.
One difficulty was encountered in conducting the slinger
experiments. This problem invol l,ed the great amount of co-
hesion of the powder which occurred as well as the adhes -i of
the powder to the mechanism. In some of the tests this force
was so great that sufficient torque could not be transm:Ltted
to effect, rotation without damage to the mechanism. Thus, these
tests had to be aborted and a feedthrough with greater torque
transmission capability was installed.
The clumping appeared to be primarily due to cohesion be-
tween the powder particles. The bond strength in the upper
and lower fourth of the powder layer thicxness was consider-
ably greater than the center. This fact was evidenced by a
spray of large (200 to 500 micron) size particles on the solid
surface and a residue of fine ( 5 to 10 mi,:ron) powder- parti-
cles in the slinger mechanism. A bridge of powder particles
approximately equivalent to ones-fourth the depth of powder in
the hopper remained following the slinging procedure. This
bridge was quite stable but crumbled when structure strength
ineasurements were attempted. The appearance of the mechanism
following a test is schematically depicted on Figure 62.
86
AK
-idge of Powder
-Solid Specimen
A ZilI-- t ai 4.i %...bv
Residue
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Mechanism Following
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IV. DISCUSSION OF RESULTS
The objectives of the program were to determine adhesive
properties of various classes of materials representing typical
spacecraft, spacesuit, and candidate lunar soil materials in
contact with each other after exposure to a simulated lunar en-
vironment. In an effort to reach these objectives, the tests
described in the previous sections were conducted. The para-
meters monitored and recorded during the experimental phase of
the program represented those which establish the magnitude of
the adhesion problem during lunar eKploration, both manned and
unmanned. In order to combine the observations made and the
test results obtained with published data obtained from the
literature review phase of the program, the following discussions
are presented. It is intended that these discussions compare
data as well as ascertain the reliability of the data obtained.
A. Correlation of Data
A comprehensive literature survey was conducted to review
the various efforts which have been or are currently being ex-
	
n
pended to determine the adhesion between metallic and non-
metallic interfaces. The results of this survey are presented
in the form of a summary write-up in Appendix D.
Quite a number of investigators have been studying the ad-
hesion of cohesion phenomenon recently such as Ham( ), Ryan(2)1
Keller (3) 9
 Brock (4 ), Winslow( 5 ), and Glaser (6) . Thus, discus-
sions on the mode of adhesion or forces acting on the interface
can be readily obtained. Since it was not the objective of
this program to further any of the theories brought forth to
date or e •ren modify any existing theories, the correlation of
data will bo primarily an empirical one.
1.	 Adhesion. Measurements
	 k
The data for adhesion force versus applied load is pre-
sented in Appendix A.
	 The multitude of material combinations
made direct comparisons for even a small number of material
combinations impossible.
	 However '
 some material combinations
tested have been investigated by others.
The adhesion force measured b
	
R an (2) involved compressivey	 y
loads from 1 to 10 3
 grams resulting in measured adhesiv^55orces
of from 10- 1 to 10 2 mg.	 Winslow
	
Horwitz
	 and McIntyre	 were
primarily concerned with compressive loads from 0 to 100,000 psi
and adhesion or cohesion forces in the range of pounds.
	
Other
investigators mentioned previously obtained readings in the
milligram regime.
	 Since the primary objective
	 of these
studies was to investigate the adhesion phenomenon and formulate
analytical models, the range of interest of the measurements
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permitting separation of electrostatic effects, chemical bond-
ing, and molecular dispersion forces were quite important.
However, to establish the magnitude of the problem which would
affront a lunar explorer due to the reactions of lunar materials
to the experimental operations, a range of forces of much
larger magnitude is of interest. The values of compressive
load employed during the experimental program varied from 0 to
200 lbs with resultant adhesive forces of from 0.01 to 1.5 grams.
The range of compressive loading even further complicates
the direct comparison of data. However, measurements obtained
on the two programs (Ref. 1 & 5) described can be found to
show good correlation with the data obtained on this program.
For instance, in the tests involving titanium alloy and lunar
soil material, the measurements obtained are extensions of
the data reported by Ryan (2 ) (applied load 10 3
 g - adhesive
i	 force 1 mg( z ), applied load 150 lbs - adhesive force 0.04 g
for titanium alloy versus silicates).
'
	
	 The effects of surface roughness, specimen hardness, and
relative surface motion were riot investigated in detail. How-
ever, if the magnitude of hardness OF the specimens and the
adhesive force measured is compared, it appears that the ad-
hesion force decreased with increasing hardness. These values
are from unlike materials and may not be truly indicative of
the hardness-adhesion force relationship. The effect of sur-
face roughness cannot be established .%iess multiple tests are
conducted with identical material pairs but differing surface
contours.
2.	 Pulverized Material Tests
The magnitude of adhesion between the pulverized materials
and the solid specimens was monitored in terms of surface area
coverage. Salisbury and Glaser( 6 ) have conducted extensive
experimental and theoretical studies with lunar soil materials
in a pulverized form. Vey and Nelson (7)
 have also investigated
lunar soil mechanics. However, in the latter case, the ob-
jectives involved :measurements of shear strength and resistance
to penetration of the lunar soil. The investigation by Glaser
involved actual measurements of the adhesive force, the con tri-
bution of electrostatic effects, radiation damage, .and thermal
properties of lunar soil material in a simulated lunar
environment.
The magnitude of the adhesion or surface
from the tests conducted with the multitude o
cannot be directly compared to data generated
gators. However, three (3) factors are found
Call investigations. These are:
• Cohesion between adjoining particles
coverage observed
f material pair:
by other investi-
to be common to
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o Increase in bearing strength
• Adhesion does occur between the mating materials
B. Discussion on Observations
During the conduct of the experimental program, a number
of noteworthy observations were made. Following is a brief
discussion and description of these.
1. Crusting of the Powder Surface
The tests involving the dipping mechanism produced unex-
pected results during the initial phases.
	
A substantial pres-
sure rise was observed in the vacuum system following the
dipping sequence.
	 The pressure rise occurred rather suddenly
and, in each case, the increase was noted following the appli-
cation of a load on the dipping system.
	
That is, initial
contact between the powder surface and solid speci: lens did not
produce any pressure change; applying a nominal load to the 4
specimens however, resulted in the pressure rise. 	 Measurements
of the magnitude of the applied load necessary to produce a
change in pressure yielded values ranging from 23 to 31 lbs
which, when distributed equally over the apparent contact area,
is equivalent to 3.7 lbs/in. 2 approximately.	 The appearance
of the powder surface following vacuum and radiation exposure
is shown on Figure 63.
The powder was exposed to the vacuum system for 3 to 4
days at a pressure of less than 8 x 10-10 torr.	 It does not
appear reasonable, therefore
	 to expect such a drastic pressure
rise (one order of magnitude because of the new exposed sur-
faces following penetration. 	 Furthermore, in order for out-
gassing of the powder to be the attributable factor, the initial
disturbance of the surface following contact should produce a -^
small but noticeable pressure change.
	 This, however, was not to
be found.	 Thus, it is concluded that cohesion of the surface
particles produces a crust of adequate thickness and density
to minimize degassing and substantially increase the static
bearing strength.	 It must be noted that tests conducted with 'w
unirradiated powder surfaces did not result in the forementioned
observation.
2.	 Migration of Powder Particles
While observing the movement or location of the solid
specimens in the vacuum chamber through viewing ports, migra-
tion of some powder particles unto the specimen holder was
noted.	 The solid specimens and specimen holders were electri-
cally connected to the chamber walls.
	 The powder was contained
in a glass dish and, thus, electrically isolated.
	 Because of
this arrangement, an electrical potential between the two
&'	 c`r`-
yT'
A
a) Aluminum Powder
(Actual Size)
b) Aluminum Powder
(25X)
Figure 63 - Appearance of Aluminum Powder Surface Following Vacuum
and Radiation Exposure
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surfaces could be obtained. Following the initial observation
of this migration, additional viewing ports were installed in
the vacuum pressure vessel enabling closer inspection of the
phenomenon.
Specifically, after 45 minutes of vacuum exposure and
20 minutes of radiation (ultraviolet and x-ray), the migration
took place. During the radiation, usually after ten to fifteen
minutes, particles appeared to transfer from the dish contain-
ing the powder upwards 0.75-inches to the metal specimens.
The most noticeable visual effect was a flash of light at the
time of the particles' impact with the metal. The shower con-
tinued for only two to three minutes and ceased, despite the
voltage between the dish and the metal specimen holding at
250 volts DC. Motion pictures (lo mm Kodacolor ) were made of
this event.
Glaser (B) noted a similar occurrence in that 1 mm spheres
which had accumulated sufficienti. electrostatic charge hopped
back and forth between two plater, one of which was grounded 	 z
and the other was connected to a hjgh voltage power supply.
Since the distance between the two surfaces was approximately
0.375-in. in the above case, and 0.750-in. in the case at hand,
quite a substantial potential is necessary to induce the parti-
cle to move. The generation of such a potential, exceeding
2000 volts/cm, cannot stem from the radiation sources employed
on the program. However, during the glow discharge phase of
the ion pump op ,^ ration fields capable of inducing such potentials
do exist. In order to investigate the effect of the electron
bombardment of the powder surface due to she glow discharge
phenomenon, a test was repeated using an arresting screen.
This screen prevented the powder surface from being exposed to
the electron stream. The results clearly showed no migration
of particles. Thusy the migration of the powder can be attri-
buted to the electron bombardment of the ion pump glow discharge
rather than the ultraviolet or x-radiation.
3.	 Cohesion of Powder Particle s
During the conduct of the slinging experiments, a great
deal of difficulty was encountered in spraying the vertically
mounted solid specimen with a fine mist of powder. Repeatedly,
the powder particles agglomerated striking the solid sample in
the form of small clumps. Also, a great amount of torque was
required to operate the mechanism following evacuation and pow-
der irradiation. Inspection of the equipment after completion
of a test showed that the powder had adhered to the walls of
the mechanism. This fact could explain the increase in driving
torque. Also, the formation of a bridge of powder was noted
in the slinger mechanism as described previously. Vey and
Nelson( 7 ) conducted tests with similar powdered materials and
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reported an increase in the friction coefficient between the
particles and a higher packing density following vacuum ex-
posure due to the virtual removal of the gas.interface layer.
Since the powder was virtually suspended and some vibration in-
duced motion of the equipmer., did exist, the structure of a
substantially thick layer of powder, perhaps 0.25-in. thick,
may have become packed and intertwined sufficiently to support
itself. Furthermore, the minute asperities in contact may well
have resulted in contact stresses sufficiently great to cause
plastic deformation and, thus, clean surface areas. Adhesive
bonds at these asperity junctions will further enhance the
bridging or bearing strength of the surface layer. E l ectro-
static effects did not cause the bridging entirely because
elimination of the source of charge-irradiation did not alter
the condition. Figure 64 depicts the slinging mechanism follow-
ing vacuum exposure with Albite powder prior to operation in
which the torque of 20 ft-lbs was insufficient to rotate the
shaft.
4.	 Material Transfer
In the tests involving compression or two solid specimen
surfaces and measurement of the tensile, adhesive force or
necessary separation force, interfacial material transfer was
observed. This observation was made following removal of the
sample pair from the vacuum chamber after completion of the
test. It is evident from the adhesion force recorded during
tests that the material transfer was a function of the degree
of adhesion. In nearly all cases the amount of material
transfer (visible)varied with the force measured. The exception
to the above involved Butadiene-Styrenecopolymer, Fluorosilicone,
and Viton as one of the specimens. Each of these specimens
are synthetic elastomers and do not behave in the same physical
manner as the other specimens tested.
One explanation of the transfer mechanism can be presented
here. It would appeal possible to obtain contact stresses
greater than either the yield strength or the elastic limit of
the interface materials. Thus, the surfaces would tend to con-
form more closely because of plastic deformation or flow of one
or both of the interface asperities. It is quite conceivable
that such a deformation process, especially with the materials
and surface finishes used during these tests, will occur.
Thus, upon separation of such interfaces, a given amount of
plucking or tearing of asperities will occur. The appearance
of the transfer material noted on the specimens inspected tend
to substantiate the foregoing reasoning.
Break In Powder Layer
Caused During Disassembly
of Mechanism
t
a 4
Paddle Wheel
Figure 64 - Slinger Mechanism with Albite Powder after Exposure
to Vacuum
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V. CONCLUSIONS AND RECOMMENDATIONS
The experimental effort and the literature survey and re-
ew comprising the program resulted in the compilation of new
.ata as well as data similar to that obtained by other investi-
gators. Correlations of this data with published data was thus
possible. The conclusions reached from the review of these
findings and the recommendations resulting from the program are
presented in the following paragraphs.
A.	 Conclusions
1. In the adhesion force measurem3n. ^f the sample pairs
involving temperature cycling, tu. ►.perature was shown
to have a marked effect on those involving polymers.
The sample combinations involving only minermis,
glassy ceramics, and metals did not exhibit ap-
preciable adhesive force dlfferer„ces.
2. It is clearly evident from the data obtained that
-the force of adhesion for all sample pairs tested
varied with increasing compressive load. Further-
more, the force of adhesion was found to be a
definite function of the compressive load.
3. In the majority of cases where gross adhesion
(larger than 0.5 grams) was measured, material
-transfer from the softer or plastic specimen to
the mating specimen was observed. This material
was very difficult to remove; wiping or brushing
were harmless, only physical scraping appeared to
remove such material.
4. In the tests involving powder or pulverized
material, exposure to radiation and vacuum appeared
to change the surface appearance. In fact, during
tests conducted with the slinging mechanisms the
particle size range changed appreciably indicating
cohesion had occurred between adjoining particles.
The change in surface appearance was found to be
due to two things; one was crusting or cohesion of
the surface particles, the second was the migration
of some particles to the sample and sample holder
surfaces. The crusting was evident from powder
surface bearing strength measurements made. These
tests indicated an average static bearing strength
of 3.7 psi. As the load was increased beyond this
average value, a sudden rise in vacuum chamber
pressure was noted indicating a rupture of the
surface crust. The particle migration was visually
observed and appears to be due to some of the sur-
face particles becoming electrostatically charged
in a more favorable manner creating a larger
potential between them and the grounded specimens
and specimen lwlder.
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5. rhe experiments conducted with the dipping
mechanism resulted in solid specimen surface
coverage ranging from very light to extensive.
This may be attributable to the ease with which
the powder surface conformed to the mating sur-
face resulting in lower contact stresses at the
contacting asperities. As was indicu--ed pre-
viously, the adhesive force between sample pairs
varied with applied load. Furthermore, as evi-•
denced by the data charts, the adhesive force
was also different for various material combina-
tions at the same applied load level. Thus, it
does seem reasonable to expect variations in pow-
der adhesion at compressive loads of the same
value for all sample pairs.
6. The adhesive force measurements, when ccmpared with
published data, show a definite relationship be-
tween applied load and adhesive force. A plot of
these parameters yields a curve which indicates a
constant adhesive force to a specific applied load;
then, the force of adhesion varies nearly linear :,rita
applied load again to a definite value of compressive
load. Any further increase in load does not appear
to yield larger adhesion force values.
7. ultraviolet, x-radiation, and electron bombardment
had a marked effect on the experiments involving
powders. As was noted previously, crusting of the
powder surface to the extent of decreasing the
degassing ability of the powder mass was observed
repeatedly.. This effect was not as marked with
no radiation exposure of the material. In the ex-
periments involving adhesion force measurements,
no measurable differences were noted. It appears
that the major effect of irradiation is surface
electrical charging due to radiation induced sur-
face ionization. The adhesion force primarily due
to electrostatic effects is not of sufficient
magnitude to be detectable by the instrumentation
system employed on this program. Thus, the
electrostatic effect on the solid specimens was
not detectable; however, on the pulverized
material both visual observations and surface
bearing strength measurements quite dramatically
showed the effects of irradiation.
8. The cleaning procedures used for removing adhered
powders involving brushing, wiping, and electrical
discharging of the specimen surfaces were not
sufficient for removing the adhered particles.
Dry nitrogen and oxygen high velocity meets 1
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blowing on the sample surfaces following their re-
moval from the vacuum chamber also did not remove
the adhering powder particles. As may well be ex-
pected, the gross amount of powder was removed with
each method tri r.:d (except for electrical dis-
charging); however, a sufficient layer of powder
remained to change the transparency of materials
or surface coloration. Microscopic inspection of
the samples following cleaning revealed that
these particles were partially embedded in the
solid specimen surface. Thus' it is quite evident
that cleaning means involving quite large contact
forces are necessary if such particles are to b.
removed from the specimen surface.
9.	 Comparative tests conducted to establish the effect
of mechanical forepumping and sorption type rough
pumping indicated no appreciable difference in
the adhesion force measurements or in the powder
particle cohesion-adhesion. However, comparison
of data obtained by other investigators employing
diffusion pumped 2 rstei ms and that generated from
this program revealed marked differences. This
latter comparison was made primarily with powders
simulating lunar soils.
B.	 Recommendations
Some recommendations to further study the adhesion
phenomenon and eliminate the shortcomings of the testing techni-
ques, data reduction and analysis techniques, environmental
simulation techniques, and measurement techniques encountered
during this past program can be made. These recommendations
also take into consideration operational tasks such as space-
craft repair involving drilling, grinding, etc., and lunar
sample retrioval operations involving core drilling, packaging,
etc. Thus, the problems which adhesion causes the designer
as well as l',anar explorer deviate somewhat from those considered
daring the ' ast: program. For example, the material transfer
observed in the tests may render conventional tools useless
because of clogging, increase in driving power required to over-
come adhesion, etc. Therefore, it is suggested that the design
{.guidelines and operational techniques include operations not
only involving lunar-explorer mobility, visibility, and
rangeability, but also such operations as described above as well
as those of f ecting spaced. of t , spacesuit , and docking , components.
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1. Tests should be conducted with only a select
number of samples chosen from the groups which 	 w
were tested so that those with the largest and
smallest measured adhesion forces are repre-
sented. Included in the test parameters should
be the following:
a. Mass spectrometer traces of the vacuum chamber
environment to obtain an insight into the
background constituents in the system.
b. Combined radiation environmental exposure
whereby the materials are irradiated
simultaneously with x-ray and ultraviolet
radiation as well as electron and proton
bombardment.
co In the tests involving powders and solids
where material transfer between the inter-
face surfaces exists, identification of
these transferred materials should be in-
cluded in the test procedures.
d. In an effort to more closely duplicate the
lunar surface conditions, clean sample sur-
faces as well as clean powders should be
generated. The powders can simply be
crushed or abraded from the solid specimens
in the vacuum chamber thus ensuring a great
percentage of clean surface area for a
time duration commensurate with the chamber
pressure. The clean surfaces on the solid
specimens can be obtained by electron bom-
bardment sputtering techniques or other
methods.
e. Since the clean, pyrophoric powders and
sample surfaces generated with. the above
techniques are very desirable for studying
the adhesion phenomenon, another effect
should be included for investigation, namely
the exo-thermal reaction of the clean sur-
faces wits an oxygen rich atmosphere. The
additional instrumentation required for
monitoring the desired parameters can be
easily added to the test apparatus employed
on the past program.	 d..
2. In the tests involving powders, possible methor ► s
for measuring the fox ce of adhesion between the
mating surfaces should be thoroughly investigated.
If None of the techniques emanating from such an
investigation appear feasible or practical, the
mass of the powder adhering to the solid sample
surface should be determined.
98
	 7
3. Surface roughness and powder specimen part::cle
size effects on the adhesion phenomenon should
be included in a study.
4. In order to establish the effects of small re-
lative motion between the s pecimens to more
closely simulate some of the conditions that
the lunar explorer may encounter such as when
walking, tests should be conducted in which
combined compressive and tangential forces'
are applied to the samples prior to measure-	 g,
ment of the adhesion forco. It is expected
that much larger adhesive forces will result
due to the juncture growth in the real contact
regions due to sliding.
5. Effect of temperature on adhesion should be
extended, primarily in the higher temperature
region. Various operations performed during
lunar missions, especially those involving
metal working for repair purposes, do result
in the formation of hot particles.
6. The test schedule should include actual
materials of construction employed in the
manufacture of spacesuits, spececraft etc.
These tests may best be conducted as the
final phase of the program so that predictions
obtained from all the other phases can be
compared to the test results.
7. An attempt should be made to generate a mathe-
matical model enabling the prediction of the
adhesive forces based on the literature survey
and the empirical data obtained from the
curr=nt program. This model will most likely
con,,-­-;'-. of three (3) distinctly different
equatic:ns based on the type of material and
the factors affecting adhesion.
a. Brittle materials where no plastic defor-
mation occurs and the primary factor to
be considered is free surface energy.
b. Plastic materials or visco-elastic
materials where electrostatic forces
and juncture rupture must be considered.
c. Metals where the deformation of the material
around the juncture or region of rupture as
well as free surface energy must be considered.
Corrections in the calculated adhesive fore.-_ due
to such effects as rupture of junctions due to
release of elastic stresses in the specimen
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following remove L . :^f the load must be con-
sidered. However the percentage decrease
may be so small ats to render these effects
insignificant.
8. The available published and unpublished
literature should be surveyed to obtain in-
formation for predicting the true area of
contact between the mating surfaces. In
	
v
order to convert the measured forces on the
tests conducted during the past program into
meaningful stresses, the real contact area
between the interfaces is a very desirable
dimension.
1
1
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APPENDIX A
ADHESION- CONPRESSION TEST RESULTS
Material Combination Compressive Adhesion Force Comments
Load ( grams)
(grams x 103)
Steel(2521OU)-Aerolite 90.70 >0.01 Material transfer
not very noticeable.
-Andesite 90.70 0.04
-Basalt 90.70 0.03
-Chondrite 68.22 0.01 It
90.70 0.07
-Dacite 90.70 0.05
-Albite (Feldspar) 90.70 0.08
-Granite 68.22 0.02 It
90.70 0.09
-Marble 90.70 0.07
-Obsidian 68.22 0.03
90.70 0.09
-Olivine 68.22 0.03
90.70 0.08
-Pyroxene 68..22 0.02
90.70 0.08
-Rhyolite 90.70 0.04
-Rutile
-Tektite
-Trachyte
-Troilite
-Alumina
-Beryllia
-Silicon Dioxide
90.70
90.70
68.22
90.70
90.70
90.70
90.70
90.70
0.02
>0.01
0.02
0.11
>0.01
>0.01
>0.01
0.01 "
VAterial Combination Compressive
Load
(grams x 103)
Adhesion Force( grams) Comments
Rene 41-Acrylic 45.35 0 1 18 Material transfer
66.22 0.61 not as predominant
or easily detectabl
as Ln other tests.
However, it still
was found to have
occurred.
-Cellulose 34.11 0.09
Acetate Butyrate 45.35 0.21
68.22 0.75
-Chlorosulfonate 68.22 0.65
Polyethylene
-Epoxy 68.22 0.72
-Mylar 68.22 0.43
-Fluorosilicone 68.22 0.08
-Viton 68.22 0.04
.-Phenolic 68.22 0.11
-Nylon 45,35 0.12
68.22 0.43
-Nomex 45.35 0.16
68.22 0.51
-Ke'.-F 68 . 22 0.15
-Polyethylene 68.22 0.28
-Polypropylene, 45.35 0.13 If
Aluminized 68.22 0.51
-Polystyrene 45.35 0.24
Crosslinked 68.22 0.73
-Teflon I	 45.35 0.14
-Poly-urethane 68.22 0.39
Vinylacetate 68.22 0.18
-Kynar 68.22 0.07 u
Pressure:	 3 x 10-10 Torr
Temperature:	 700±10 °F
Figure .A-2 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-2
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Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Aluminum-Acrylic 90.70 0.45 Material transfer
(2014-T6) to the metal sur-
face rioted.
-Cellulose
Acetate ButyratB 45.35 0.65
68.22 1.20
-Chlorosulfonate 68.22 0.60
Polyethylene
-Epoxy 68.22 0.70 If
-Mylar 68.22 0.40 "
-Fluorosilicone 68.22 0.07 If
-Viton 68.22 0.05
-Phenolic 68.22 0.15
-Nylon 68.22 0.55 If
-Nomex 68.22 0.40 "
-Kel-F 68.22 0.23
-Polyethylene 68.22 0.40
-Polypropylene, 45.35 0.30
Aluminized 68.22 0.:^
-Polystyrene 68.22 0.72
Crosslinked
-Teflon 68.22 0.10
-Poly-urethane 68.22 0.60
- 1linylacetate 68.22 0.05
--Kynar 68.22 0.08
1
Pressure:
	
3 x 10-10 Torr
Temperatur ,B: 	700±10 0F
Figure A-3 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-3
Material Combination Compressive
Load
(drams x 10 3 )
Adhesion Force
( grams)
Comments
Stainless Steel (Type 321
-Aerolite 90.70 >0.01 Material transfer
was visibly de-
tectable.
-Andesite 90.70 0.05
-Basalt 90.70 0.06
-Chondrite 69.22 0.02
90.70 0.08
-Dacite 90.70 0.05
-Albite (Feldspar) 90.70 0009
-Granite 90.70 0.11
-Marble 68.22 0.04
90.70 0.12
-Obsidian 68.*2 0.02
90.70 0.08
-Olivine 68.22 0.01
90.70 0.08
-Pyroxene 68.22 0.03
90.70 0.10
-Rhyolite 90.70 0.05
-Rutile 90.70 0.03
-Tektite 90.70 >0.01
-Trachyte 68.22 0.02
90.70 0.09
-Troilite 90.70 >0.01 If
-Alumina 90.70 >0.01
-Beryllia 90.70 >0101 ►
-Silicon Dioxide 90.70 0.02
Pressure:	 2 x 10-10 Torr
Temperature: 700±100F
Figure A-4 - Tabulation of Adhesion Forces of for Compression of
Sample Pair
A-4
rFlaterial Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Steel-Acrylic 45.3!1 0.05 Material transfer,
(E52100) 68.22 0.28 visible, was noted
from the polymeric
to the metallicI
material.
-Cellulose Acetate 34.11 0.08
Butyrate 45.35 0.20
68.22 0.70
-Chlorosulfonate 68.22 0.40
Polyethylene
-Epoxy 68.22 0.62
-Mylar 68.22 0.37
-Fluorosilicone 68.22 0.15 --
-Viton 68.22 0.07 --
-Phenolic 45.:5 0.06
68.22 0.20
-Nylon 68.21 0.30
-Nomex 68.22 0.32
-Kel-F 68.22 0.18
-Polyethylene 68.22 0.35
t
-Polypropylene, 45.35 0.18
Aluminized 68.22 0.62
-Polystyrene, 45.35 0.30
Crosslinked 68.22 0.65
-Teflon 68.22 0.07
-Poly-urethane 68.22 0.48
-Vinylacetate 68.?2 0.21
-Kynar 68.22 0.04
Pressure:	 2 x 10-lu
Temperature:
	
700±10 0F
Figure A-5 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-5
Material Combination Compressive Adhesion Force Comments
Load (grams)
(grams x 10 3 )
Aluminum-Aerolite 90.70 X0.01 Material transfer.
(2014T6) was noted.
-Andesite 90.70 0.03 "
-Basalt 90 . 70 0.02 of
-Chondrite 68.22 0.04
90.)40 0.12
-Dacite 90. 70 0.06
-Albite(Feldspa )	 90.70 O.0
-Granite 68.22 0.02
90.70 0.10
-Marble 68 . 22 0.03
90.70 0.14
-Obsidian 90.70 0.07
-Olivine 90.70 0.07
-P^roxene 68.22 0.04
90.70 0.12
-Rhyolite 90.70 0.06
-Rutile 90.70 0.03
-Tektite 90.70 >0.01
-Trachyte 68.22 0101
90.70 0„09
-Troll ite 90.70 >0101
-Alumina 90.70 >0.01 I
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 0.02
Pressure:
	
3 x 10-10 Tors.
Temperature:
	
700±10 0F
Figure A-6 - 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-6
iMaterial Combination Compressive
Load
(grams x 103
Adhesion Force
(grams) 
Comments
'ritanium (T14Al6V)
-A:Irylll c 68.22 0.32 Material transfer
was very noticeable
on the titanium
specimens.
-Cellulose Acetate 45.35 0.23
Butyrate 68.22 0.34
-Chlorosulfonate 68.22 0.49
Polyethylene
-Epoxy 45.35 0.17
68.22 0.63
-Mylar 6 8. 221 0.34
-i'luorosilicone 68.22 0.08
-Viton 68.22 0.09
-Phenolic 68.22 0.16
-Nylon 45.35 0.14 It
68.22 0.51
-Nomex 45.35 0.08 if
68.22 0.35
-Kel-F 68.22 0.18
-Polyethylene 45.35 0.05
68.22 0.22
-Polypropylene, 68.22 0.46 It
Aluminized
-Polystyrene, 34.11 0.03 If
Crosslinked 45.35 0.14
68.22 0.47
I	 - I'ef lon 68.22 0.16
f	 -Poly-urethane 68.22 0.41
-Vinylacetate 63.22 0.17
-Kyr.,A r 68.22 0.10
Pressure:	 3 x 10-10 'rorr
Temperature:
	 700±10°F
Figure A-7 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-7
Mlaterial Combination Compressive
Load
(grams x 103)
Adhesion Force
( grams)
Comments
Stainless Steel
	 (321)
-Acrylic 68.22 0.35 Polymeric material
was noted on the
metallic surface.
-Cellulose Acetate 45.35 0.12 of
Butyrate 68.22 0.42
-Chlorosulfonate 45.35 0.16 of
Polyethylene 68.22 0.53
-Epoxy 68.22 0.65
-Mylar 68.22 0.41
-Fluorosil.icone 68.22 0.12
-Viton 68.22 0.09
-Phenolic 68.22 0.11
-pylon 45.35 0.14
68.22 0.40
-Nomex 45.35 0.17
68.22 0.49
-Kel-F 68.22 0.21
-Polyethylene 68.22 0.38
_ P,- ' ypropylene , 34.11 0.04
A	 Ainized 45.35 0.16
68.22 0.74
-Polystyrene, 45.35 0.26
Crosslinked 68.22 0.89
-Teflon 68.22 0.12
-Poly-urethane 68.22 0.53
-Vinylacetate 63.22 0.17
-Kynar 68.22 0.09
Pressure:	 x 10	 T rr
Temperatt ure:
	
70 0 ±10 °F
Figure A-8 - Tabulation of Adhesion Forces af. ter Compression of
Sample Pair
A-8
.,	 I
Ibaterial Combination Compressive Adhesion Force Comments
Load (grams)
(grams x 103)
Acrylic (Plexiglass) Material transfer
-Aerclite 90.70 0.04 not very noticeable
-Andesite 68.22 0.12 If
-Basalt 45.35 0.03 If
68.22 0.11
-Chondrite 45.35 0.07 If68.22 0.23
-^acite 68.22 0.19
-Albite(Feldspar) 68.22 0.13 If
-Granite 68.22 0.12 "
-Marble 68.22 0.14
-Obsidian 90.70 0.09
-Olivine 68.22 0.05
90.70 0.17
-Pyroxene 45.35 0.03
68.22 0.14
-Rhyolite F8.22 0.13
-Rutile 90.70 0.05
-Tektite 90.70 0.01
-Trachyte 45.35 0.02
68.22 0.10
- ,rroilite 90.70 0.03
-Alumina 45.35 0.02 If
68.22 0.07
-Beryllia 45.35 0.01 If
68.22 0.05
-Silicon Dioxide 90.70 0.06 If
Pressure:	 8 x 10-10 Torr.
Temperature: 700±10 0F
_	 Adhesion Forces after Compression ofFigure A-9 Tabulation of dhas ;z	
,3ample Pair
A-9
J
h:•iaterial Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Copper-Aerolite 90.70 >0.01 Material transfer
-Andesite 90.70 0.07 not very noticeable.
-Basalt 90.70 0.05 of
-Chondrite 68.22 0.02 "
90.70 0.09
-Dacite 90.70 0.05
-Albite (Feldspar) 90.70 0.07
-Granite 68.22 0.01
90.70 U.09
-Marble 68.22 0.02
90.70 0.11
-Obsidian 90.70 0.08
-Olivine 90.70 0.06
-Pyroxene 68.22 0.03
90,.70 0.14
-Rhyolite 90.70 0.07
-Rutile 90.70 0.05
-Tektite 90.70 0.03
-Trachyte 68.22 0.02
90.70 0.11
-Troilite 90.70 >0.01
-Alumina 90.70 >0.01
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 0.04
1
Pressure:
	
5 x 10-10 Torr
Temperature: 700±10 0F
Figure A-10 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-10
Material Combination Compressive Adhesion Force Comments
Load (grams) 
(grams x 103)
Silver-Aerolite 90.70 >0.01 Material transfer
-Andesite 90.70 0.08 not very noticeable
-Basalt 90.70 0.05 10
-Chondrite 68.22 0.03
90.70 0.09
-Dacite 90.70 C	 ^)6
-Albite (Feldspar) 90.70 0.07
-Granite 68.22 0.03
90.70 0.11
-Marble 68.2 2 0.0 3
90.70 0.10
-Obsidian 90.70 0.07
-Olivine 90.70 0.07
-Pyroxene 68.22 0.02
90.70 0.08
-Rhyolite 90.70 0.07
-Rutile 90.70 0.04
-Tektite 90.70 0.01
-Trachyte 68.22 0.03
90.70 0.10
- ,rroili.te 90.70 >0.01
-Alumina 90.70 >0.01
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 0.02
Pressure:	 3 x 10-1U Torr
Temperature: 700±100 F
Fj .,ure A-11 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-11
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
( grams)
Comments
,silver-Acrylic 45.35 0.31
	 Material transfer
68.22 0.95	 not very noticeable
-Cellulose Acetate 45.35 0.26
Butyrate 68.22 0.84
-Chlorosulfonate 45.35 0.28
Polyethylene 68.22 0.72
-Epoxy 45.35 0.35
68.22 1.10
-Mylar 34.11 0108
45.35 0.31
68.22 0.81
-Fluorosilicone 68.22 0.14
-Viton 68.22 0.12
-Phenolic 68.22 0.28
-Nylon 45.35 0.16
68.22 30,73
45.35 0.15
68.22 0.68
-Kel-F 68.22 0.21
-Polyethylene 68.22 0.63
-Polypropylene, 68.22 0.49
Aluminized
-Polystyrene ' 68.22 0.,19
Cro s sl i eked
-Teflon 68.22 0.24
-Poly-urethane 68.22 0.21
-Vinylacetate 68.22 0.26
-Kynz.r 68.22 0.13
Pressure:	 2 x 10-10 Torr
Tempera tube: 700±10 °F
Figure A-12 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-12
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Copper-Acrylic 68.22 0.28 Material transfer
to the copper was
very noticeable.
-Cellulose Acetate 34.11 0.03 .
Butyrate 45.35 0.15
68.22 0.51
-Chlorosulfonate 45.35 0.12
Polyethylene 68.22 0.42
-Epoxy 68.22 0.30
-Mylar 68.22 0.26
-Fluorosilicone 68.22 0.04
-Viton 68.22 0.06 If
-Phenolic 68.22 0.31
-Nylon 45.35 0.08
68.22 0.32
-Nomex 45.35 0.05
68.22 0.24
-Kel-F 68.22 0.14 If
-Polyethylene 68.22 0.26 11
-Polypropylene, 45.35 0.09 If
Aluminized 68.22 0.34
-Polystyrene, 45.35 0.14 of
Crosslinked 68.22 0.53
-Teflon 68.22 0.08 of
-Poly-urethane 45.35 0.007
68.22 0.25
-Vinylacetate 68.22 0.09	 )
-Kynar 68.22 0.04
Pressure:	 6 x 10-10 Torr
Temperature: 700±10°F
Figure A-13- 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-13
Material Combination Compressive Adhesion Farce Comments
Load (grams)
(grams x 103)
Rene 41
-Aerolite 90.70 >0.01 Material transfer
-Andesite 90.70 0.05 not very noticeable
-Basalt 90.70 0.03 "
-Chondrite 68.22 0.02 It90.70 0.09
-Dacite 90.70 0.06 of
-Albite(Feldspar) 90.7U 0.08
-Granite 68.22 0.03 "
90.70 0.08
-Marble 90.70 0108
-Obsidian 68.22 0.0330.70 0.09
-Olivine 68.22 0.04
90.70 0.12
-Pyroxene 68.22 0.03
90.70 0.11
-Rhyoli to 90.70 0.03
-Rutile 90.70 0.01
-Tektite 90.70 >0.01 If
-Trachyte 68.22 0.03 If
90.70 0.11
-Troilite 90.70 >0.01 "
-Aluanina 90.70 >0.01 It
-Beryllia 90.70 >0.01 of
-Silicon Dioxide 90.70 0.01
Pressure:	 4 x 10-10 ,forr
Temperature: 700±100F
1
I
Figure A-14 - T buiation of Adhesion Forces after Compression of
Sample Pair
A-14
Material Combination Compressive
Load
(grams x 10'^ )
Adhesion Force
(grams)
Comments
Epoxy-Aerolite 68.22 0.08 Material transfer
-Andesite 68.22 0.26 as visiblydetectable.
-Basalt 68.22 0.31 "
-Chondrite 68.22 0.40 to
90.70 1.08
-Dacite 45.35 0.10 to
68.22 0.34
-Albite (Feldspar) 68.22 0.21
-Granite 68.22 0.32
-riarble 68 . 22 0.29
-Obsidian 68.22 0.24
-Olivine 68 . 22 0.27
-Pyroxene 45.35 0.14
68.22 0.46
-Rhyolito 68.22 0.30
-Rutile 68.2; 0.19 (	 °'
-Tektite 68.22 0.10
-Trachyte 45.35 0.12
68.22 0.40
-Troilite 68.22 0.09
-Alumina 45.35 0.04 14
68.22 0.14
-Beryllia 45.35 0.02
68.22 0.10
-Silicon Dioxide 68.22 0.17
Pressure:	 9 x 10-1U Torr
Temperature:	 700+10 0F
A-15 _	 Forces fCompression ofter ComFigure	 Tabulation of Adhesion  s a	 p
Sample Pair
A-1.5
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams.'
Comments
Ethylene Terephthalate Material transfer
(Mylar) was not noticeable.
-Aerolite 90.70 0.07
-Andesite 68.22 0.11 "
-Basalt 68.22 0.12 of
-Chondr ite 68.22 0.19 of
-Dacite 68.22 0.23 of
-Albite(Feldspar) 68.22 0.13
-Granite 68.22 0.10
-Marble 68.21 0.15
-Obsidian 68.22 O,C5
.-Olivine 68.22 0.04
-k yroxene 68.22 0.19
-Rhyolite 68.22 0.14
-Rut.ile 68.22 0.07
-T-.-:k-Lite 90.70 0.10
-^rachyte 68.22 0.15
-Troilite 90.70 0.09
-Alumina 68.22 0.03
-Beryllia 68.22 0.05
-Silicon Dioxide 68.22 0.05
Pressure:
	
4 x 10-1U Torr
Temperature: 70Ut10 11F
Figure A-16- Tabulation of Adhesion Forces after Compression of
Sample Pair
A-16
i►iaterial Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Fluorosilicone
•-.Aerolite 90.70 >0.01 Material transfer
-Andesite 90.70 0.02 Was not 4etectable.
-Basalt 90.70 0101 It
-C.'hondrite 90.70 0.03 of
-Dacite 90.70 0.03 of
-Albite(Feldspar) 90.70 0.05 to
-Granite 90.70 0.01 "
-Marble 90.70 0101
-Obsidian 90.70 >0.01
-Olivine 90.70 0.02
-Pyroxene 90.70 0.06 "
-Rhyolite 90.70 0.04 If
-Rutile 90.70 >0.01 of
-'Tektite 90.70 >0.01
-Trachyte 90.70 0.03
- ,r oilite 90.70 >0101
-Alumina 90.70 >0.01
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 >0.01
Pressure:
	 7 x 10-10 Torr
Ternperaturre:	 700±100F
Figure A-17 - 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-.17
,. 9
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Perf luoropropylene material transfer
(Viton) was not detectable.
-Aerol i to 9M0 >0.01
-Andesite 90.70 0.03 It
-Basalt 90.70 0.01
-Cl:nndrite 90.70 0.03
-Dacite 90.70 0.04
-Albi¢e (Feldspar) 90.70 0.02
-Gre,nite 90.70 0.02
-Marble 90.70 0.02
-Obsidian 90.70 >0101
-Olivine 90.70 >0.01
-Pyroxene 90.70 0.05
-Rhyolite 90.70 0.03
-Rutile 90.70 >0.01
-Tektite 90.70 >0.01
- ,rrachyte 90.70 0.06
-`I'roilite 90.70 >0.01
-Alumina 90.70 >0.01
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 ;>0.01
Pressure:	 4 x 
10-11) Torr
Temperature: 	 70 0 1-10 °F
Figure A-10- 'Tabulation of Adhesion Forces of ter Compression of
Sample Pair
A-18
Material Combination Compressive Adhesion Force Comments
Load ( grams)
(grams x 103)
Material transferChlorosulfonate
Polyethylene was not detectable.
-Aerolite 68.22 0.02
-Andesite 68.22 0.10
-Basalt 68.22 0.10
-Chondrite 68.22 0.13
-Dacite 68 . 22 0118
-Albite ( Feldspar) 68.22 0.12
-Granite 68.22 0.11
-Marble 6 3.22 0.14
-Obsidian 68.22 0,.03
90.70 0.11
-Olivine 68 . 22 0.0290.'10 0.10
-Pyroxene 68.22 0.18
-Rhyolite 68.22 0.12
-Rutile 68.22 0.08
-^'^ktite 68.22 0.01
-Trachyte 45.35 0.05
68.22 0.14
-Troilite 90.70 0.03
-Alumina 68 . 22 0.04
-Beryllia 68.22 0.04
-Silicon Dioxide 68.22 Q.03
Pressure:	 9 x 10-10 Torr
Temperature;: 	 700±100F
Figure A-19- 'Tabulation of Adhesion Forces of ter Compression of
Sample Pair
A-19
1Cr%amentsMaterial Combination Compressive Adhesj. -a Force
Load (grams)
(grams x 103)
Cellulose Acetate Material transfer
Butyrate was not vary
-Aerolite 68.22 0.07 noticeable.
-Andesite 68.22 0.18 It
-Basalt 69.22 0.24 01
-Chondrite 68.22 0.36 11
-Dacite 68.22 0.29 11
-Albite (Feldspar) 68.22 0.19 of
-Granite 68.22 0.28 of	 .
-Marble 68.22 0.29 of
-Obsidian 68.22 0.,13 If
-Olivine 68.22 0.16 It
-Pyroxene 68.22 0.35 to
-Rhyolite 68.22 0.28 of
-Rutile 68.22 0.09 of
-Tektite 68.22 0.03
-Trachyte 68.22 0.28
--Troil i to 68.22 0.06 61
-Alumina 68.22 0.08 60
-Beryllia 68.22 0.07 11
-Silicon Dioxide 68.22 0.10
Pressure:
	 6 x 10-10 Torr
Temperature: 700±10 0F
Figure A-20 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-20 I
w ..._,.S,..
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Phenolic (13akel i to ) Material transfer
-Aerolit ,- 68.22 0.03 was visible
-Andesite 68.22 0.14 detectable.
-Basalt 45.35 0.05 of
68,.22 0.12 of
-Chondrite 45.35 0.08 to
-Dacite 68.22 0.21 of
-Albite(Feldspar) 68.22 0.14 It
-Granite 45.35 0.05
68.22 0. J.0
-Marble 68.22 0.11
-Obsidian 90.70 0.05
-Olivine 68.22 0.02
90.70 0.08
-Pyroxene 45.35 0.U8
68.22 0.20
-Rhyolite 68.22 0.12
-Rutile 68.22 0.05
-Tektite 68.22 0.02
-Trachyte 45.35 0.03
68.22 0.11
-Troilito 68.22 C.04
-Alumina 45.35 0.01
68.22 0.05
-Beryllia 45.35 0.02
68.22 0.07
-Silicon Dioxide 90.70 0.05 i
Pressure:	 3 x 10-1U Torr
Temperature: 700±10°F
Figure A-21 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-21
Material Combination Compressive
Load
(grams x 10 3 )
Adhesion Force
(grams)
Comments
Nylon-Aetolite 90.70 0.03 Material transfer
not very noticeable
to-Andesite 90.70 0.08
-Basalt 90.70 0.06 of
-Chondrite 45.35 0.07 if
68.22 0.21
--Dacite 90.70 0.23
-Albite(Feldspar) 68.22 O.OE)
90.70 0.21
-Granite 90.70 0.17
-Markle 90w 70 0.16
-Obsidian 90.70 0.08
-Olivine 90.70 0.07
-Pyroxene 68.22 0.07
90.70 0.2:1
-Rhyolite 68.21 0.10
90.70 0.31
-Rutile 90.70 0.05
-Tektite 90.70 0.05
-T'rachyte 68.22 0.07
90.70 0.23
-Troilite 90.70 0.03
-Alumina 90.70 0.02
-Beryllia 90.70 0.02 it
-Silicon Dioxide 90.70 0.06
Pressure:	 7 x 10-lu Torr
Temperature: 700±100F
Figure A-22 - 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-22
Material Combination Compressive
Load
(grams x 103 )
Adhesion Force
(grams)
Comments
Nomex-Aerolite 90070 0.03 Material transfer
-Andesite 90.70 0108 not very noticeable
-Basalt 90.70 0.05
-Chondrite 45.35 0.08
68.22 0.24
-Dacite 90.70 0.19
-Al bite (Feldspar) 68.22 0.07
90.70 0.20
-Granite 90.70 0.17
-Marble 90.70 0.15
-Obsidian 90.70 0.06
-Olivine 90.70 0109
-Pyroxene 68.22 0.06
90.70 0.23
-Rhyolite 68.22 0.12
90.70 0.26
-Rutile 90.70 0.04
-Tektite 90.70 0.05
-Trachyte 68.22 0.08
90.70 0.29
-Troilite 90.70 0.03
-Alumina 90.70 0.03 o
-Beryllia 90.70 0.01
-Silicon Dioxide 90.70 0.07
Pressure:	 7 x 10-10 Tor.r
Temperature:	 700±10 0F
Figure A-23- Tabulation of Adhesion Forces after Compression of
Sample Pair
A-23
VAterial Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Polychlorotrifluoro- Material transfer
ethylene (Kel-F) not very noticeableff
-Aerolite 9000 0.06
-Andesite 90.70 0009 of
-Basalt 90.70 0008 of
-Chondlrite 45.35 0001 if
68.22 0.09
-Dacite 90.70 0015 of
-Albite (Feldspar) 68.22 0005
90.70 0.18
-Granite 90.70 0.21
-Marble 90.70 0.16 "
-Obsidian 90.70 0009 "
-Olivine 90.70 0913 "
-Pyroxene 68.22 0008 of
90.70 x.25
-Rhyolite 68.22 0009 It
90.70 0.30
-Rutile 90.70 0005 to
-Tektite 90.70 0.04 of
-Trachyte 68.22 0011
90.70 0.31
-Troilite 90.70 0.04
-Alumina 90.70 0109 If
-Beryllia 90.70 0.06 if
-Silicon Dioxide 90.70 0108
Pressure:	 8 x 10-10 Torr
Temperature; 700t100F
Figure A-24 - 'tabulation of Adhesion Forces after Compression of
Sample Pair
A-24
Material Combination Compressive Adhesion Force Comments
Load ( grams)
(grams x 103)
Polyethylene Material transfer
-Aerolite 68.22 0.01 not very noticeable.
-Andesite 68.22 0.12
-Basalt 68.22 0.10
-Chondrite 68.22 0.14
-Dacite 68.22 0.18
-Albite (Feldspar) 68.22 0.14
-Granite 68.22 0.14
-Marble 68.22 0.14
-Obsidian 68.22 0.0390.70 0.11
-Olivine 68.22 0.05 it90.70 0.12
-Pyroxene 68.22 0.20
-Rhyolite 68.22 0.15
-Rutile 68.22 0.09
- ,rektite 68.22 0.05
-Trachyte 68,22 0.15
-Troilite 68.22 U.01
90.'/0 0.07
-.Alumina 68.22 0.03
-Beryllia 68.x.2 0.04
-Silicon Dioxide 68.22 0.05
Pressure:	 9 x 10-i0 Torr
Temperature:	 700±10 0F
Figure A-25 - 'tabulation of Adhesion Forces after Compression of
Sample Pair
A-25
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Polypropylene,Aluminized Material transfer t
-Aerolite 90.70 0.05 the minerals was
-Andesite 68.22 0.09 noted.
-Basalt 68.22 0.11
-Chondrite 68.22 0.21
-Dacite 45.35 0.07
68.22 0.26
-•Albite (Feldspar) 68.22 0.14
-Granite 68.22 0.11
-Marble 68.22 0.15
-Obsidian 68.22 0.10
-Olivine 68.22 0.05
-Pyroxene 68.22 0.20
-Rhyolite 68.22 0.17
-Rutile 68.22 0.06
-Tektite 68.22 0.05
-Trachyte 68.22 0.18
-Troilite 68.22 0.02
-Alumina 68.22 0.05
-Beryllia 68.22 0.05
-Silicon Dioxide 68.22 0.08
Pressure:	 1 x 10 -9 'rorr
Temperature:
	
700±100F
Figure A-26 - 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-26
Material Combinatior Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
Polystyrene,Crosslinked Material transfer
-Aerolite 90.70 0.04 not very noticeable
-Andesite 90.70 0.11
-Basalt 90.70 U.15
-Chondrite 68.22 0.08
90.70 0.25
-Dacite 68.22 0.05
90.70 0.18
-Albite (Feldspar) 68.22 0.08
90.70 0.21
-Granite 68.22 0.07
90.70 0:24
-Marble 68.22 0.05
90.70 0.18
-Obsidian 90.70 0.09
-Olivine 90.70 0.10
-Pyroxene 68.22 0.06
90.70 0.21
-Rhyolite 90.70 0.28
-Rutile 90.70 0.08
-T--.',.t i te 90.70 0.03
-•Trachyte 68.22 0.12
90.70 0.37
-Troilite 90.7u 0.03
-Alumina 90.70 0.07
-Beryllia 90.70 0.07
-Silicon Dioxide 90.70 0.09
Pressure:	 7 x 10-1u Tarr
Temperature:	 700±10 0F
F'igurr. - 27 - Tabulation of Adhesion Forces after Compression of
Sample Pair
A-27
Material Combination Compressive
Load
(grams x 103)
Adhesion Force
(grams)
Comments
-Teflon-Aerolite 90.70 0 . 04 Material ty'ansfer
-Andesite 90.70 0.15 to the minerals
was noted.
-Basalt 90.70 0.13
-Cbondri to 68.22 0.1090.70 0.28
-Dacite 68.22 0106
90.70 0.21
-Albite(Feldspar) 68.22 0.09
90.70 0.24
-Granite 90.70 0.20
-Marble 90.70 0.20
-Obsidian 90.70 0.15
-Olivine 90.70 00^8
-Pyroxene 90.70 0.19 If
-Rhyolite 90.70 0.25 If
-Rutile 90.70 0.12 of
- ,tektite 90.70 0.03 "
-Trachyte 90.70 0.20 If
-Troilite 90.70 0.10 "
-Alumina 90.70 0.09 If
-Beryllia 90.70 0.05 "
-Silicon Dioxide 90.70 0.11
Pressure:	 4 x 10-1u 'rorr
Temperature: 700±100F
Figure A-28 - 'Tabulation of Adhesion Forces after Compression of
Sample Pair
A-28
1
1
1
I
90.70
90.70
90.70
90.70
90„70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
90.70
0.03
0.14
0. i9l
0.23
0.20
0.21
0.25
0.23
0.16
0.11
0.09
0.24
0.12
0.08
0.27
0.08
0.06
0.07
0.11
Material Combination	 Compressive Adhesion Force	 Comments
Load
	
(grams)
(grams x 10 3 )
Poly-urethane
-Aerolite
-Andesite
-Basalt
-Chondrite
-Dacite
-Albite(Feldspar)
-Granite
-Marble
-Obsidian
-Olivine
-Pyroxene
-Rhyolite
-Rutile
-Tektite
Trachyte
Troilite
-Alumina
-Beryllia
-Silicon Dioxide
Material transfer
to the minerals was
very noticeable.
Pressure:
	
7 x 10 -1" Torr
Temperature: 700±10 0F
Figure A-29 - Tabulation of Adhesion Forces after Compression of
Semple Pair
A-29
Material Combination Compressive
Load
(grams x 10 3 )
Adhesion Force
( grams)
Comments
Vinylidenefluoride(kyna ) Material transfer
-Aerolite 68.22 0.02 very noticeable
-Andesite 68.22 0.10 "
-Basalt 68.22 0.10 of
-Chondrite 68.22 0.16 If
-Dacite 68.22 0.24 "
-Albite(Feldspar) 68.22 0.15 If
-Granite 68.22 0.12
-Marble 68.22 0.12
-Obsidian 68.22 0.09
-Olivine 68.22 0.11
-Pyroxene 68.22 0.23
-Rhyolite
-r utile
-Tektite
-Trachyte
-Troilite
-Alumina
-Beryllia
-Silicon Dioxide
68.22
68.22
68.22
68.22
68.22
68.22
68.22
68.22
0.14
0.08
0.03
0.11
0.02
0.02
0:.02
0.06
if
n of
P
1
Material Combination Compressive
Load
(grams x 10 3 )
Adhesion Force
(grams)
Comments
Titanium-Ti4A16V Material ;transfer
-Aerolite 90.70 0.01 not very noticeable
-Andevite 90.70 0.06 If
-Basalt 90.70 0.03
-Chondrite 68.22 0.02
90.70 0.09
-Dacite 90.70 0.05
-Albite(Feldspar) 90.70 0.06 If
-Granite 68.22 0.02 If
90.70 0.09
-Marble 68.22 0.01
90.70 0.05
..Obsidian 68.22 0.03
90.70 0.10 If
-Olivine 90.70 0.08 11
-Pyroxene 34.11 0.01
68.22 0.05
90.70 0.11
-Rhyolite 90.70 0.07
-Rutile 90.70 0.08
-Tektite 90.70 0.02
-Trachyte 68.22 0.04
-Troilite 90.70 0.01 I 
-Alumina 90.70 >0.01
-Beryllia 90.70 >0.01
-Silicon Dioxide 90.70 0.03
Adhesion Forces after Compression of
Sample Pair
A-31
7,
z
APPENDIX B
RESULTS OF DIPPING EXPERIMENTS
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APPENDIX C
RESULTS OF SLINGING EXPERIMENTS
Solid Specimen Surface Coverage Comments
Light Moderate	 Heavy
Pyrex x In all tests the
Vycor x impinging parti-
Cencor x cles were rather•
Beryllia x large or clumps of
Alumina x cohered small ones
Silicate x I Thus	 the coverage
Thoria x ; observed was in
Spacesuit Fibrous Material x blotches rather
Ethylene 'rerephthalate x than evenly
(Mylar) distributed.
Powder:
	
Aluminum
Pressure::	 6 x 10-10 Torr
Temperature:
	
700±10°F
Average Particle Sizes 10 Microns
Solid Specimen Surface Coverage Comments
Light Moderate	 HeavyI The powder parti-
Pyrex x i cles cohered to
Vycor x j each other and ad-
Cencor x ! hered to the mech-
Beryll is x i an i sm. Spots could
Alumina x 1i be seen where theSilicate x particles impinged
Thoria x owever, very
Spacesuit Fibrous Material x ,little or neglibi-
Eth_ylene Terephthalate x ble powder remaine
(Mylar) on the surfaces.
Powder:	 Aluminum
Pressure:	 4 x 10-10 Torr
Temperature:	 -265 O F (Estimated)
Average Particle Size: 10 Microns
Figure C-1 - 'tabulation of Degree of Surface Coverage Due
l	 to Powder Adhering to Solid Specimens
Following Slinging
C-1
Solid Specimen	 Surfaces Coverages	 Comments
Light I Moderate ;Heavy
Pyrex
Vycor
Cencor
Beryllia
Alumina
Silicate
Thoria
Spacesuit Fibrous Material
ethylene Terephthalate
(Mylar)
Powder cohered and
x	 formed layer parti
x	 cl.es which adhered
x	 to the specimen
x	 generating a
x	 spotted appearing
x	 (	 surface.
x
x
x
Powder:	 Aluminum
Pressure:
	 7 x 10-9 Torr
Temperature:
	 +240 °F
Average Particle Size: 10 Microns
Solid Specimen Surface Coverage Comments
Light Moderate	 Heavy
Powder appeared to
Pyrex x cohere formingVycor x , arger, , clumpyCencor x articles.
	 Sur-
Beryllia
i	 x ^ aces :appeared
^ Alumina ; x
 spott=d;
Silicate x
'Thoria x
Spacesuit Fibrous Material x
Ethylene Terephthalate x
(Mylar)
Powder:	 Basalt
Pressure:	 1 x 10-9 Torr
Temperature:	 700±10 0F
Average Particle Size: 150 Microns
Figure C-2 - Tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following Slinging
c-2
Solid Specimen Surface Coverage Comments
Light Moderate	 He,-ivy
I Powder cohered quit
Pyrex !	 x I extensively.	 The
Vycor x test was repeated
Cencor x yielding the resul
Heryll is x j shown.	 The second
Alumina x test was conducted
Silicate x with a high torque
Thoria x rotary fc:edthrough
Spacesuit Fibrous Material x Adhesion between
Ethylene Terephthalate x the slinger and
(Mylar) powder also was
e
:s
F" Solid Specimen Surface Coverage Comment.
Light	 Moderate	 Heavy
Pyrex x	 ! Powder cohered and
Vycor x formed layer par t- i
Cencor x cles which adhere
eeryllia x to the specimen
Alumina x	 '	 ^ generating a
Silicate x	 I spotted appearing
Thoria x	 I :surface.
Spacesuit Fibrous Material x
Ethylene Terephthalate x
(Mylar ) I
Powder:	 Chondr i^
Pressure:	 8 x 10-	 rorr
Temperatures	 70° L10 °F
Average Particla Size: 150 Microns
Powder:	 Feldspar (Albite)
Pressure:	 2 x 10-9 Torr
Temperature:	 700±10 °F
Average Particle Size: 150 Microns
Figure C-3 - 'tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following S 1 i ng i ng
c-3
x
x
x
x
x
x
x
x
r-
i
Pyrex
Vycor
oncor
Heryll is
Alumina
Silicate
Thor i a
Spacesuit Fibrous Material
Ethylene 'rerephthalate(Mylar. )
There was very
little adhesion or
powder remaining
on the surfaces.
However, the mech-
anism was difficult
to rotate indicat-
ing adhesion be-
tween its surface
and the powder
particles.
Solid Specimen	 surface Coverage	 Comments
night 
I 
Moderate !Heavy
Powder:	 Feldspa (Albite)
Pressure:	 6 x 10- 0 Torr
Temperature:	 -2650F (Estimated)
Average Particle Size: 150 Microns
Solid Specimen
=2p^
Surface Coverage Comments
Light Moderate Heavy
Cohesion between
Pyrex x adjoining particle
Vycor x and adhesion be-
Cencor x tween them and the
Peryllia x echanism w-as noted
Alumina x he surfaces ap-
Silicate ^	 x eared spotted wit
Thoria powder clumps.
Spacesuit Fibrous Material x
Ethylene Terephthalate x(Mylar)
Powder:	 Feldspa (.Albite)
Pressure:	 5 x 10- Torr
Temperature:	 +250 °F
Average Particle Size: 150 Microns
Figure C-4 - '.tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following Slinging
c-4
I
I
i
1
1
i
1
Solid Specimen Surface Coverage Comments
Light Moderate	 Heavy
b..
Cohesion between
Pyrex x powder particles
Vycor x and adhesion be-
Cencor x tween the powder
Beryllia x and slinger walls
Alumina x was noted.	 Speci-
Silicate x men surfaces were
Thoria x spotty looking. 
Spacesuit Fibrous Material x
Ethylene Terephthalate ^►
(Mylar)
Powder:	 Granite
Pressure:	 6 x 10-10 'Torr
Temperature:	 700±10 0F
Average Particle Size: 150 Microns
Solid Specimen
Pyrex
Vycor
Cenco.r
Beryllia
Alumina
Silicate
Thoria
Spacesuit Fibrous Material
Ethylene Terephthalate
(Mylar)
Surface Coverage	 Comments
Light T Moderate Heavy
Cohesion	 :a.:..14_,-eaen
I	 x ! adjoiningti-
x cles and adhesion
f	 x between them and
x f the mechanism was
x noted.
	 The sur-
x faces appeared
.x spotted with pow-
x der clumps.
x I
Powder:	 Obsidian
Pressure:
	
2 x 10-10 Torr
Temperature:	 700±10 0F
Average Particle Size: 150 Microns
Figure C-5 - Tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following Slinging
c-5
Solid Specimer., Surface Coverage Comments
Light Moderate	 Heavy
Cohesion and ad-
Pyrex x hesion was noted.
Vy.^.or x Surfaces appeared
Cencor x spotted.
	 Powder
eeryllia x clumps were seen
Alumina x on surfaces where
Silicate x	 ! large, lumped par
Thoria !	 x	 ► ticle clusters
Spacesuit Fibrous Material x impinged.
Ethylene Terephthalate x
(Mylar)
Powder:	 Obsidian
Pressure:	 5 x 10-9 Torr
Temperature:	 + 2 50 ° F
Average Particle Size: 150 Microns
Solid Specimen Surface Cove: age
-r----
Light I Moderate ; Heavy
Comments
Pyrex	 x
Vycor	 x
Cencor	 x
eeryllia	 x
Alumina	 X
Silicate	 x
Thoria	 X
Spacesuit Fibrous Material
Ethylene Terephthala.te
(Mylar)
Powder:	 Olivene
Pressure:	 7 x 10 -10	 Torr
,temperature:	 700±10 0F
Average Particle Size: 150 Microns
j	 Cohesion of powder
`	 noted. Mechanism
however, required
1	 lower operating
torque than other
experiments. Sur-
face appearance
was dotted; the
X	 frequency of the
x	 spots was rather
uniform.
Figure C-6 - Tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following Slinging
C-6
Surface Coverage
Light I Moderate I Heavy
I	 x
X
x
j x
i	 x
X
X
x
Comments
A fine coating of
powder was seen on
the specimen sur-
faces, not very
spotty looking.
The particle size
did not change very
much as noted from
the residue, very
little cohesion
apparently.
Solid Specimen
Pyrex
Vycor
Cencor
Beryll is
Alumina
Silicate
Thoria
Spacesuit Fibrous Material
Ethylene Terephthalate
(Mylar)
Solid Specimen Surface Coverage Comments
Light Moderate !Heavy
Powder agg omerate
Pyrex x very heavily. Mech
V cor x anism was very di.f.
Cencor x ficult to operate
Beryllia x (rotate).	 The sur.
Alumina x faces appeared
Silicate x spotted with clumps
Thoria x of powder parti -•
Spacesuit Fibrous Material x cles adhering to
Ethylene Terephthalate ; the heavily and
(Mylar$ moderately covered
specimens.
Powder:	 Pyroxene
Pressure:
	
3 x 10-10 Torr
Temperature:	 700+10°F
Average Particle Size: 150 Microns
Powder:	 Silicon Dioxide (Silica Fleur)
Pressure:	 2 x 10-10 Torr
Temperature:	 700±10 0F
I Average Particle Size: 50 Microns
Figure C-7 - Tabulation of Degree of Surface Coverage Due
to Powder Adhering to Solid Specimens
Following Slinging
C-7
,ce Coverage Due
,ca
 Specimens
,ng
1
1
Solid Specimen Surface Coverage Comments
Light ModerateHeavy
Very spotty look-
Pyrex x ing surface
Vycor x coverage.	 However
Cencor x minimal amount of
Beryllia x powder remained one
Alumina
x
t he surface.	 The
Silicate spots where parti-
'T'horia x cles impinged
Spacesuit Fibrous Material x could be seen quit
Ethylene 'rerephthalate x	 + clearly.
(Mylar)
Powder:
	
Trachyte
Pressure:	 2 x 10-9 Torr
Temperature:	 70 °t10 °F
Average Particle Size: 150 Microns
APPENDIX D
LITERATURE SURVEY
ON
ADHESION AND COHL l3ION OF MATERIALS
LITEPATURE SURVEY
ON,
ADHESION AND COHESION OF MATERIALS
I. INTRODUCTION
A literature search was conducted as part of the research
effort under Contract No. NAS9-4759 to assess the current
state-of-the-art concerning adhesion of materials. The purpose
of this literature search was to define the present state-of-
the-art as well as present theories and data which are available
on the adhesion and cohesion of materials. This literature
survey was divided into three (3) sections. The first section
deals with the adhesion of metallic inater ials , the second deals
with the adhesion of non-metallic materials, and the third
section discusses adhesion characteristics of powders.
II. RESULTS OF LITERATURE SURVEY
A.	 Adhesic. r k ,,f. Metallic Materials
Since literature surveys have been r erformed very recently
concerning cold molecular welding of metals( 1 ) which, in
effect, covers adhesion of metallic materials, these will be
summarized rather than the numerous ref ercnces cited in the
individual surveys.
Kimzey (2)
 has defined cold welding as the degree of
electrical force which binds together the individual molecules
when a vacuum or other process has cleaned a material adequately
to give true molecular contact. Cold welding generally refers
to adhesion or cohesion of materials at temperatures signifi-
cantly below the melting temperature of the material.
Bowden and Tabor (3) state that when materials slide on one
another, there is ample evidence indicating that junctions are
formed in shear during sliding. For example, when clean copper
slides on clean steel in air, fragments of copper ?re found to
be strongly welded to the steel surface even though the speed
of slidi •ig is so small that local frictional heating is quite
negligible. This leads to the question of why a clean copper
specimen '
 when pressed on a clean steel specimen in air, shows
no normal adhesion. First, metals in air are covered with
oxide layers or absorbed gas films which inhibit the formation
of strong metallic junctions when the surfaces are placed in
contact. The films are, however, ruptured when sliding commences
thus allowing strong junctions to form. Thus, the junctions are
not formed until sliding takes place.
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The second reason proposed was that the absence of adhesion
is primarily due to the effect of released elastic stresses.
Even if strong junctions are formed during normal loading, they
are peeled apart by released elastic stresses when the normal
load is removed. A quantitative study of adhesion between soft
metals by McFarland and Tabor (16)
 using Indium which is a soft
metal covered with a relatively thin film of oxide, showed
that the normal adhesion after static loading was approximately
equal to the initial loading. Indeed, under these conditions,
the laws of adhesion closely resemble the laws of friction in
that adhesion is directly proportional to the applied load and
does not depend critically on the shape or size of contacting
bodies.
Bowden and Rowe (17) have shown with silver surfaces out-
gassed at 500°C that the coefficient of friction did not exceed
2. If s
 however, the outgassing temperature was increased, the
friction measured at room temperature rose steadily with in-
creasing temperature. It was then found that beyond a certain
temperature, different for each metal but close to the evapora-
tion point, the friction rose very rapidly with further out-
gassing, and significant adhesion was observed. It was also
demonstrated that while the specimens remai..ed under load and
a tangential force was first applied and then removed, the force
subsequently required to break the junction was markedly in-
creased. Photomicrographs of the surfaces after separation
showed that the area of contact between the specimens was also
increased.
Buckley and Johnson (4) have recently reported on friction
and wear studies for fourteen (14) hexagonal metals in a
vacuum environment at temperatures to 850 °F and sliding speeds
to 2000 feet/minute. They found that the metals with the
largest interfacial planar spacing exhibited lower coefficients
of friction. A correlation between friction and lattice ratio
was thereby established for the hexagonal metals. Studies
with single crystals of cobalt demonstrated that t-)-.e crystal-
line structure changed to the face center cubic form. The
hexagonal metals, titanium, zirconium, and hafnium demonstrated
higher wear and friction characteristics than cobalt and
beryllium which showed relatively low friction properties.
These observations were explained by the investigators in terms
of the slip behavior of the %- ,arious metals.
In work performed by Ham (5) 1 it was demonstrated that the
cohesion of metal parts which did exhibit cohesion (copper to
copper and 1018 steel to 1018 steel) decreased with increased
exposure in vacuum. The cohesive stress values showed an
D-2
increase with temperature. Other general conclusions cited by
Ham on the basis of his work were:
1. Load times are important only at higher
temperatures.
2. Type 1018 and 52100 steels are self-
cleaning a. 500°C when exposed to vacuum
of at least 2 to 3 x 10-7.
3. Work hardening as well as contamination
contribute to the decrease in cohesion
with repeated fracturing and rejoining.
In the work conducted by Keller (6) 1 it was suggested that
the adhesion mechanism depends on the surface physical chemistry
rather than the mechanical nature of the contact area, since
all of the couples which exhibited adhesion appeared to form
some type of intermediate phase. This chemical change denotes
a negative free energy of bond formation which enables adhesion
to occur.
In work performed by Hansen, Jones, and Stephenson (7) ^ it
was found that generally, in tests conducted with dissimilar
metals, the softer material transferred to the harder materials
thus masking the effects of adhesion on the surface of the
harder material. Hence, tests on similar couples were found to
be more valuable in establishing fundamental relationships of
the adhesion mechanism. Furthermore, it was observed that
under goad vacuum conditions, the wear products consisted of
particles torn from the surfaces. Tests conducted in air indi-
cated that tho frictional forces are more strongly affected by
abundant formations of oxides which apparently minimize actual
metal-to-metal contacts. Under vacuum, however, the quantity
of oxides is reduced and a certain amount of pure metal--to-metal
contact occurs. The outgassing of -the surface into the vacuum
environment tends to cause the friction to remain relatively
low. Under conditions of more thorough outgassing, the metal-
to-metal contact is enhanced and the friction force is increased.
The work of Anderson (8) was largely intended to experi-
mentally verify the adhesion theory of friction proposed by
Bowden and Rowe and to develop methods for thermal compression
bonding of wire leads to brittle non-metals. Tihe results ob-
tained showed the effect of shear strains on the structure of
the metal surfaces in substrates after adhesion. These shear
strains were generally necessary for adhesion to occur as they
are very effective in removing surface oxides. A rough surface
increased the amount of atomic interfacial contact and produced
a work hardened zone near the common interface, all of which
increase the adhesion strength of the joint.
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A theoretical and experimental investigation of adhesion
was conducted by Ling( 9 ) in which it was shown that the coeffi-
cient of adhesion was related to two parameters:
1. Activation energy of the process
2. A time exponent
Both of these parameters are dependent on the degree of clean-
liness of the test surface. One of the early experiments
showed that adhesion could occur without shear strains which
does partially confirm the validity of this theory.
the influence
 of surface	 o
^ 
the friction and wear
 	  ever- 
g^phenomena was studied by Rabinowicz 14	 He found qualitatively
that high friction cr.),eff icients were found for sliding materials
with high surface energy to hardness ratios and conversely, low
friction coefficients for low surface energy to hardness ratios.
This relationship could not be tested quantitatively because
the derived expression contains parameters which could not be
independently controlled. However, in the analysis of the wear
phenomenon, it was possible to derive an expression relating
the size of the loose wear particles, which could be readily
measured, to their average hardness. This relationship was de-
termined to be proportional to the surface energy to hardness
ratio, thus providing a means for verifying the influence of
surface energy on friction and wear. Experiments with fifteen
different materials showed the validity of this expression.
The phenomenon of adhesion, which also seems to be governed by
the surface energy con sideration, was discussed in qualitative
terms.
In work reported by Bowden and Tabor (3) 9 it was stated
that it shoul^: beP passible to refer to the behavior of a
simple plastic metal, such as indium, where the influence of
the elastic force is removed to study adhesion and surface de-
formatio,i. Indeed, it should not 'be necessary to remove the
elastic forces altogether, but only to insure that the asperity
bri^ges do not fail when the load is removed. That is, that
they are capable of extending in a ductile fashion for the
necessary distance. Subsidiary experiments with large scale
models of asperity bridges showed that they no longer failed
in a non-ductile manner if they were adequately annealed.
This suggested that an adhesion experiment performed not at
room temperature, but well above the annealing temperature
might give interesting results. The experiment was conducted
and the results indicated that low adhesion found with clean
metals at room temperature is primarily due to the lack, of
ductility of the junction. Heating for a short time at
moderate temperature enables the junctions to survive and, for
the symmetrical loading-unloading experiment, adhesion coeffic-
ients E_ Xual to	 one are obtained.
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Bowden and Tabor further postulate that when a clean
piece of copper is pressed into another clean copper surface,
the atoms on one asperity approach those on the other until
they are as close as the atoms within the copper itself. At
this stage the interfacial atoms can no longer distinguish be-
tween their own neighbors and those of u sher bodies. Conse-
quently, the forces at the interface are of exactly the same
nature as those existing between copper atoms in the bulk
material. However, due to mismatching between the engaging
crystal lattices, the interface will almost certainly contain
these imperfections which will constitute weak regions. Addi-
tional plastic flow may close them ups but it is probable that
thermal diffusion will be the most effective means of doing
so. If the imperfections are completely removed, the inter-
face will cease to have meaning and two specimens will become
a single specimen as far as the regions of contact are con-
cerned. The adhesion ^-,ill then correspond to the strength of
the material itself.
In a discussion of work performed by Ryan (11) 1 it was in-
dicated that a very important influence upon adhesion is sur-
face preparation. When this is taken into account, better
correlation of the data presented by Ryan i s obtained with the
theory of Bowden and Tabor..
B.	 Adhesion of Non-Metals
In various works performed by Bowden and Bridgman (12)
,
 they
were able to demonstrate that the friction of many brittle
materials is very reproducible and comparable to that for the
metals, and that Amonton's Law is approximately obeyed.
Friction experiments on the cleavage face of rock salt
showed that friction depends on crys^alline orientation and
is proportional to the load and not greatly dependent on the
size of the surface. For rock salt on rock salt, or for clean
steel on rock salt, the coefficient of friction was found to
be about 0.7 to 0.8. When a cube of rock salt was subjected
to tension and compression, it cracked and disintegrated after
a very small stress had been applied. However, when a thin
slice of rock salt was compressed between rigid plates, the
behavior was different. In tension the rock salt extended
less than 1% and broke at a tensile strength of 0.2 to 15 kilo-
grams per square meter; under compression, the rock salt
crystal, when thin, withstood very large compressive stresses
and underwent very large deformations. Even after the crystal
had been compressed to half of its original thickness, the de-
formed specimen was still intact over the greater part of its
area and had a bulk strength comparable to that of the unde-
formed crystal. The reason becomes clear if one of the plates
is made of glass and the cry:,tal is observed during the
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compression process. It was demonstrated through photographs
that as the compression was increased, the salt; crystal went
through the following transformations:
1. The original crystal with no cracks stowing
2. Beginning of compression with many cracks
showing
3. Further compression with the cracks healing
This behavior can be observed only when fairly thin specimens
are used. As the h fight oi: the specimen is increased and be-
comes comparable wicn the width, the likelihood of an early
catastrophic failure increases. Stable plastic compression is
possible only because the frictional force b(-.tween the specimen
and the anvil is such that most of the rock salt is subjected
to a very high hydrostatic pressure. This heals up the cracks
and prevents fracture from starting inside the crystal. Thus,
if deformation is to occur, it can only take place by the
sliding action of one plain of atoms past the other. That is,
the deformation is essentially plastic. The coefficient of
friction at the crystal anvil interface is less ,important
than a high ratio of width -to height of the crystal. This
is shown by the fact that lubrication of both anvils with
graphite does not prevent the formation of a coherent disc dur-
ing high compression.
Indentation hardness measurements were made on the clean
face of crystals compressed by various amounts. The hardness
was independent of load and the effective loading time was not
very pronounced.
In a study of the frictional measurements at -the sliding
surface, two thin square slabs of freshly cleaved rock salt
were placed in contact with their (100) axis parallel, and
subjected to a compression sufficient to double their area.
When removed from the anvil, the slabs were found to adhere
very strongly together. They could not be pried apart with
a razor blade and were physical'.y pried apart in a tensile test
machine giving values similar to the strength of single rock
crystals. If the crystallographic directions are included,
adhesion is less marked. It was postulated that the low ad-
hesion found in unfavorable orientations is due to the
stripping action at the interface as a result of differential
elastic contractions when the load is removed. But this was
not proven. Certainly, when the orientation was favorable,
the adhesion force was very pronounced.
If the adhesion mechanism is of general validity in ex--
plaining the friction of rock salt, one should expect soft
metals when sliding on rock salt to shear in the metal itself
and to transfer metallic fragments to the surface of the rock
i
I
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crystal. This is indeed to be found so if lead or indium is
tested on rock salt. The friction is the same as for lead
sliding on clean hard metal and transferred fragments of lead
are found strongly attached t(.1 tlhs rock salt surface. An even
more convincing demonstration of Elhesion is provided by an
experiment where a coat of indium is pressed normally to a
clean rock salt surface wit'n a load of about 3 1,ilograms.
There was no sliding. To pull the indium off the rock salt
specimen, a normal adhesive force of over 2 kilograms was re-
quired. A visible patch of indium was left attached to the
rock surface. It is estimated from these experiments that the
adhesion mechanism is satisfactorily applicable to rock salt.
Again in non-metals, it can be demonstrated that an in-
crease in adhesion is obtained if a tar ^.ntial force is
applied in. conjunction with the compressive force. These com-
bined forces cause an increase in the junction area. After
a while, a plateau is reached in which further junction growth
appears to be impossible since this would reduce the normal
pressure and shift the deformation properties away from the
ductile to the brittle range. this accounts for the observa-
tion that if rock salt is thoroughly cleaned by heating in
vacuum at 600°C, there is only a small increase in friction.
In a study with several other non-metals, the general
pattern was similar to that of rock salt. Compression experi-
ments were carried out on most of these materials and indicated
that under high pressure, coherence was observed with rock
salt, ortho-rhombic sulphur • , amorphous sulphur, and ice. With
these materials, strong adhesion occurred when two specimens
were pressed together under high pressure. No such ;ffects
were observed with lead, selenide or glass. This may be partly
due to excessive fragmentation which occurred before the high
pressures were reached.
Br idgman' s (12) experiments suggest that if sufficiently
high pressures are applied to the most brittle Materials such
as sapphire, they can flow physically. There is some evidence
that there are some rock-like materials where intergranular
slip is mainly responsible for the resistance to deformation.
Thus, the frictional mechanism :rust be somewhat modified. It
is evident that the friction of many brittle solids involves
plastic deformation in the region of contact, strong inter-
facial adhesion, and shearing of the interfacial junctions so
that the behavior resembles that of metals. The main dif-
ference arises from the fact that these materials behave in a
ductile manner only when subjected to compressive stresses.
If these stresses are too small, they become brittle:. Conse-
quently, large scale junction growth, which is often observed
with clean metals, does not occur with brittle materials and
the coefficient of friction does not exceed a value of 0.71
even if they are very rigorously cleaned.
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C.	 .adhesion of Powders
^Salisbury (13) conducted adhesion experiments with particles
of silicate material at vacuum pressures in the 10- 10 torr
range. In his experiments, 125 micron particles required an
.average acceleration of 12 g to remove them from the substrate
materials. The stress corresponding to this force can only be
calculated if the model for the contact area is assumed. But
it is apparently of the order of the bulk strength of the
materials involved. The measured adhesion was a function of
the particle site. However. there was not sufficient data to
decide upon a representative model. The estimated stress values
were large enough to suggest that primary bonds across the
contact interface may be involved. On the other hand, the ob-
served adhesion was entirely Consistent with the effects of
Van Der Waals forces.
Recent work performed on colloids pertaining to the
London-Van Der Waals attractions indicate that the long range
body forces of attractions under certain conditions make si.gni^-^
ficant contributions to the adhesion between sold particles.
The contribution of chemical bonding to the adhesion be-
tween dielectric: particles is not readily apparent. Ionic
materials like the alkalihalides and oxides such as MgO are ?:-	 •
lieved to have only slight changes in atomic separation on the
surface layer. On the other hand, atom arrangement takes place
on cleaved semiconductor surfaces of silicon even at room
temperature. Further rearrangements occur as the temperature
is increased. These surface changes proceed in the direction
of greatest stability and tend to consume the bonding orbitals
made available by the ci.eavage. At least part of this rearrange-
ment is thermally activated. Two such surfaces when brought
together could zonr_eivably require thermal energy for full de-
velopment of the be nd
An often quoted example which illustrates the chemical
bonding possible between silicate surfaces is that of Mica.
Recent measurements show recovery of 87% of the original cohe-
sive strength of Mica after it is separated and rehealed in a
vacuum of 10-13 torr. The same value was obtained for separa-
tion in Pn atmosphere of dry helium, argon and nitrogen. Con-
tamination of the surfaci by water vapor considerably reduced
the ;xork of separation„
In contrast to chemical bonding which decreases exponen-
tially and has a negligible effect beyond several atomic radii,
the Van Der Waals forces between neutral species decreases
according to a power law and may be sig..ificart at distances
approaching one micron.. The basic Van Der Waals attraction be-
tween molecules is due to the pair-wise interaction if dipole
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moments to the polarizing action of a dipole in one molecule
on another molecule. to addition, it, has been shown that a
quantum mechanical detraction known as the dispersio:i force
exists, even for non-polar atoms or for molecules due to the
presence of rapidly fluctuating dipoles at the zero energy of
the elsctron clouds.
Salisbury concluded that the cohesive force of fine powders
can be attributed to Van Der Waals attractions as well as
chemical bonding. The estimated force of approximately
1.4 x 10- 4 dynes for the vibrational detachment and static load
experiments are less than 0.1/0 of the Van Der Waals attractions
that could be obtained between spherical 10 micron particles.
The lack of uniformity and the presence of submicron particles
undoubtly contribute to the low force values observed. The
decrease in cohesive for^e with decreasing particle size is
further evidence that the Van Der Waal effect is the principal
source of the observed cohesion.
In wor3.: performed by Glaser (14) it is stated that in con-
trast to chemical bonding, the V.an Der Waals forces are quite
general and decrease according to power laws. As a result,
they will dominate for separations beyond several atomic radii.
Then, even with clean metal surfaces in contact, the relative
contribution of chemical to Van Der Waal adhesion will depend
on the normal load. For heavy loads, enough asperities will
be flattened and the real area of contact will be increased
so that the strong chemical bonds will dominate. For light
loaas as well as for all surfaces that are not able to form
nds, the attractive force will be determined by the ai,,ount of
erial within reach of the long range Van Der Waals, forces,
since the real area of contact will be quite small.
The results obtained using a series of approximately
0.1 centimeter diameter spheres which were formed from quartz
rods led to the c.tinclusion that the dis persion forces of the
London-Van Der Waal type are capable of provid.Lng all of the
observed adhesion. The vacuum environment has very little
direct influence on the magnitude of the adhesion, but does
have a pronounced effect on the coefficient of friction.
It also influences the concentration of mobility of surface
charge. Although electrostatic effects are not sufficient to
account for the adhesion, they could have a secondary effect
on determining the way which falling powders pack. Similarly,
the lack of a hydrodynamic gas blanket around the particles
could influence their packing. The most significant vacuum
effect, however, is the high friction which tends to make a
failing particle stick on its first contact point, resist
shearing frti _that would produce denser packing, and lead tc
the formatio';.,f complex and intricate powder structures.
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Stein and Johnson (lb)
 also note in their paper that the
forces of adhesion increase with particle size.
III. CONCLUSIONS
The conclusions which may be drawn from the literature
summarized in the foregoing paragraphs as well as those docu-
ments listed in the bibliography are:
1. Adhesion and cohesion of metals occurs to
various degrees depending on:
a. Environment, both temperature and
pressure
b. Force of contact, both axial and
tangential
c. Material properties, both physical
and chemical
2. Adhesion and cohesion of non-metals occurs
depending upon similar conditions as listed
for metals; however, much les: data is
available and less is known about the ad-
hesion process for non-metals.
3. Adhesion and cohesion of powders occur
under vacuum, but it has not been clarified
whether the attractions are due to either
Van Der Waals forces or chemical bonding
or both.
IV. LITERATURE SURVEY TECHNIQUES
The literature search initiated at the outset of the pro-
gram was conducted in an effort to assess as well as review
the state-of-the-art concerning adhesion and cohesion of
metals and non-metals, especially in the space environment.
The terms which were employed during the search are:
• Adhesion
• Cohesion
•	 Cold Weld;,ng
0 Cohesive Energy
0 Electrical Conductivity
• .Environment Simulation
• Lunar Environment
A Lunar Surface
i Lung
 Composition
0 Lunar Dust
0 Thermal Conductivity
w Thermal Stability
• Vapor Pressure
• Ultra. High Vacuum
I -I
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• vacuum
• Space Environment
• Selenography
• Selenology
• Radiation Stability
• Heat of Adhesion
This list of terms was used during the search of the follow-
ing related technical journals, abstracting journals, and
indexes:
Applied Science and Technology Index, 1958
to date
Chemical Abstracts, 1962 to date
Engineering Index, 1960 to date
International Aerospace Abstracts, 1963
to  date
Scientific and Technical Aerospace Abstracts,
1962 to date
Wear Abstracts, 1958 to date
Technical Abstract Bulletin (ASTIA)
Science Information Exchange
The literature search and subsequent review led to per-
sonal contacts with approximately twelve (12) individuals from
various industrial concerns and government agencies who are
currently Engaged in related investigations.
The foregoing sources led to a list of references totaling
258. Some of these .were regarded as not applicable to the sub-
ject investigation, but abstracting cards were, nevertheless,
filed for possible future usage. The list of references and
bibliography which follow identify those documents which
appeared pertinent and thus were obtained.
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